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ABSTRACT
Boron nitride nanotubes (BNNTs) are a fascinating material that has a lot of potential
applications due to its outstanding physical and chemical properties. BNNTs synthesized
using different high- and low-temperature methods, unfortunately, contain 30–60%
impurities. To maximize the potential of BNNTs, new characterization techniques and
purification methods are needed, especially with respect to industrial applications.
Research groups have used different characterization techniques to monitor the synthesis
and purity of BNNTs. Quantitative and qualitative characterization of the tubes for quality
or purity control has not been previously described in the literature. In this work, we
created a comprehensive set of thermogravimetric and spectroscopic analysis techniques
to detect and quantify the different types of BNNT impunities. Based on our
thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), and
Raman spectroscopy results, we demonstrated that it is possible to monitor the presence
of boron, boron oxide, and boron nitride impurities quantitatively in BNNTs and to verify
their removal after purification.
Although there are several reported purification methods in the literature, none of them
succeeded in purifying BNNTs from boron nitride (BN) impurities without damaging the
tubes and resulting in a low yield. Here we introduce a non-aggressive, non-destructive,
high-yield purification method using heptane at the moderate temperature T=90 °C. Our
method effectively removes ≥99.8% of the hexagonal boron nitride (h-BN) and a
significant amount of other BN impurities. This is a substantial advancement over all
previously reported methods that rely on more aggressive treatments. Field emission
scanning electron microscope (FESEM) and transmission electron microscopy (TEM)
images, as well as X-ray diffraction, Raman, and FTIR spectra, were used to support our
purification results. The latter three spectroscopic techniques characterize a macroscopic
region of the sample and are thus more representative than imaging selected areas using
electron microscopy.
Finally, we studied the effect of the BNNT loading and composite morphology —
networked versus dispersed BNNTs — on the composite’s thermal and structural
properties. BNNT composites at different loadings showed that the thermal conductivity
sharply increases with the increase in the BNNT loading. Loading polystyrene with 18%
BNNTs increased the thermal conductivity by a factor of three. The thermal conductivity
in the radial direction was higher than the axial direction for all composites. The difference
in thermal conductivity between the radial and the axial direction is believed to be due to
the hot-pressing step introducing radial tube orientation and alignment. Regarding the
tensile properties of the BNNT composites, the Young’s modulus was increased 50-105%
at 5%–7.5% loadings compared to the neat polystyrene, and tensile strength increased
by around 40%. Higher loadings led to more brittle composites. Impregnation of the BNNT
network with polystyrene led to better mechanical properties than BNNT dispersion. The
FESEM images showed favorable wetting of the tubes by polystyrene and a good
matrix/tubes load transfer.
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Chapter 1

Introduction
1.1 Thermal management importance and solutions
The revolution in high-end electronics, photonics, artificial intelligence, and robotics
dramatically increases the focus on the thermal management and heat dissipation
technologies of devices. The smaller the size and the higher the computational power
and power density of the devices, the more crucial is the dissipation of heat away from
the components—not only to keep them at the optimum working temperature but also to
protect them from overheat and stop working. Over the last decades, different passive
and active thermal management technologies have evolved, but the need for a solution
has still not been met yet. According to estimates made by U.S. Air Force 55% or more
of electronic devices' problems are caused by poor heat management and elevated
temperatures.1 Among the different thermal management technologies, passive thermal
management is the most widely adapted in the electronic industry. Passive thermal
management can be divided into heat sinks, heat spreaders, heat pipes, and thermal
interface materials (TIMS)2,3.

1

1.2 Passive thermal management and thermal interface materials
Heat transport happens in three ways: conduction, convection, and radiation. The
contribution of the convection and radiation are limited compared to conduction when
dissipating heat at the surface of integrated circuits (IC). In the conduction, the heat
transport is carried by electron carriers or phonon carriers. Since the conduction bands
and valence bands for the metal are overlapping, the electrons transfer the heat in the
metal very quickly and efficiently. In insulating materials, the gap between the conduction
and valance bands prevents this free movement of the electrons, so the heat transfer
happens by phonon propagation through the bonds of the crystal structure. Materials that
are stiffer, denser, and with fewer crystal defects and grain boundaries are better
candidates for phonon transfer of heat. A simple way to picture phonon transfer using
classical mechanics is to think of the atoms connected in the crystal lattice like a massspring system.4 The atoms and the bonds act like a string—when one end of the material
heats, the atoms’ kinetic energy increases, increasing the vibration of the atoms which
will induce the neighboring atoms to speed their vibration. Consequently, the heat
propagates from one side to the other side through the bonds and atoms as a wave.
Given this simple understanding of heat transfer in materials through electrons and
phonons, a metal at the surface of an IC is used to dissipate the heat. Therefore, heat
sinks, heat spreaders, and heat pipes are used for this purpose, as shown in Figure 1.1.a.
The challenging problem with these technologies can be seen if we observe the interface
of the IC and the heat transfer metal (for example, a heat sink) with higher magnification,
as shown in Figure 1.1.b.
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Figure 1.1:(a) Thermal management of integrated circuits (IC) using passive heat sink (green)
and thermal interface material (blue) at the interface between the IC and the heat sink for
optimum heat dissipation. (b) 1000× zoom-in at the interface between the IC and the heat sink
to show the surface roughness and the need for the thermal interface materials.

The surfaces are rough and not perfectly flat, which leads to air cavities at the interface
between the two surfaces. Air is a poor thermal conductor, so its atoms cannot transfer
the heat efficiently, causing overheating of the electronic components. A thermal interface
material is needed at the interface to transfer the heat effectively between the two
surfaces (blue color, Figure 1.1.a). Thermal interface materials are composites that
integrate the softness of the polymer and the high thermal conductivity of a filler (for
example, metal powder, or nonmetals with high thermal conductivity like diamond). In this
work, we focus on boron nitride nanotubes (BNNTs) as a filling material.

1.3 Structural reinforcement importance and applications
Replacing metals (aluminum, titanium, steel, and alloys) with composites is a very timely
and critical research topic. Large industries like aerospace, automotive, and defense need
composites that are lightweight and outperform metals in their structural properties to
enhance the thrust-to-weight ratio, fuel efficiency, and better performance of soldiers on
3

the battlefield, respectively.5–8 Manufacturing structural reinforced composites is a very
complicated process with a high degree of freedom for the factors affecting the final
product. Many experimental research9–13 and simulation models6,8 have been developed
to better understand the composites fabrication and the underlying parameters that
control the load transfer between the filler materials and the composite matrix for
enhanced performance. An example of an industrial application of composites is prepreg
fiber epoxy. Prepreg fiber epoxies9 are revolutionary material that is used nowadays in
several applications. Airplanes parts made with fiberglass and carbon fiber epoxy
composites change the landscape of the aerospace industry.13 Instead of using very
heavy metal to do different airplane parts, epoxy composites reinforced with fibers used
widely due to its superior properties, lighter weight, and corrosion resistance.
Similar to the thermal conductive composites, we have a polymer or an epoxy matrix and
a filler that displays exceptional tensile strength and Young’s modulus. The challenge is
in finding the right filler with the right matrix to optimize the performance of the composite.
To do so, understanding the chemistry of the filler and the matrix to match them to
increase the chance of strong interaction and load transfer. In this work, we focus on
BNNTs as a filling material due to its superior properties, as will be shown in the following.

1.4 Why BNNTs
Interest in boron nitride nanotubes (BNNTs) has grown dramatically over the past two
decades because of their unique mechanical and thermal properties.14,15 Like carbon
nanotubes, BNNTs display exceptional strength, an axial Young’s modulus of up to 1.3
TPa,16 and thermal stability in air up to 800 °C.17–26 Despite being an electrically insulating
4

semiconductor with a 5–6 eV band gap,27–29 BNNTs have been suggested to feature a
surprisingly high thermal conductivity of 3000 W/(m·K).30 These properties make BNNTs
a highly promising material for thermal management applications in high power
electronics and photonics. They are also a strong candidate for hydrogen storage,31,32
structural reinforcement of composites and alloys,17,33 water treatment and desalination,34
and deep UV optoelectronics.35 Realization of these promising applications has been
hindered by significant challenges in BNNTs synthesis and purification, which has proven
far more difficult compared to carbon nanotubes (CNTs).36,37

1.5 BNNT structure and chemistry
Boron nitride nanotubes consist of an alternating pattern of boron and nitrogen atoms
arranged in a honeycomb structure. The tubes are formed from hexagonal boron nitride
sheet (Figure 1.2.a) that has been rolled to form a tube (Figure 1.2.b). Boron is in group
III and nitrogen is in group V in the periodic table. They are the neighbors of carbon (group
IV). Due to the chemical similarity between the total number of valency electrons of boron
and nitrogen and the carbon-carbon. Boron and nitrogen form most of the different
allotropes of carbon. The boron electronic configuration is 1s22s22p1 and that of nitrogen
1s22s22p3. The total number of the valance electrons for the boron and nitrogen is eight,
which is similar to the C – C bond. But due to the electronegativity difference between
boron and nitrogen, the bond between the two atoms is not purely covalent as in the case
of carbon atoms. Instead, it is partially polar, shifted toward ionic bond properties.

5

Figure 1.2: (a) Hexagonal boron nitride (h-BN) sheet consisting of an alternating pattern of
boron and nitrogen atoms arranged in a honeycomb structure. (b) Molecular structure of a boron
nitride nanotube (BNNT), which can be considered as an h-BN sheet is rolled into a tube.

Like carbon, boron nitride can form sp2 and sp3 hybridizations leading to different crystal
structures. The most common and stable crystal structure is the hexagonal boron nitride,
which results from the sp2 hybridization.

1.6 BNNT synthesis methods
Difficulties in mass production of BNNTs are currently limiting wide-ranging integration of
BNNTs in industrial applications. Different methods have been conducted to synthesize
BNNT. These methods can be grouped into low-temperature (lower than the melting point
of boron) and high-temperature methods. Researchers have found that the synthesis of
BNNTs is more challenging than synthesizing carbon nanotubes (CNTs), and that most
of the methods that synthesize CNTs did not work equally well for BNNTs. Of the many
BNNT synthesis methods in the literature, only five produce tubes at the gram scale:38
high-temperature/pressure synthesis (HTP),39 hydrogen-assisted BNNT synthesis
(HABS),38 extended-pressure inductively-coupled plasma synthesis (EPIC),40 ball
milling/annealing,41,42 and chemical vapor deposition.43,44 In the following section, the
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details of some of the methods that mass produce BNNT will be covered, starting with the
low-temperature methods, followed by the high-temperature ones.
1.6.1 Low-temperature methods
The low-temperature methods are the methods where the temperature of the reaction
does not exceed 2000 °C,37 which is lower than the melting temperature of boron (2076
°C). These methods could be summarized as follow: a) Ball milling/annealing41,42,45 b)
Chemical vapor deposition,43,44,46–48and c) Substitution reaction method.49,50 Between the
low temperature methods we will cover the ball milling method as it is one of the methods
that mass produce BNNTs.
In the ball milling/annealing method, a hard-stainless steel balls are loaded with
boron powder into a small vessel ball milling instrument under pressurized ammonia or
nitrogen gas. Then, the boron powder and the steel balls are milled for an extended period
of time. The product of the ball milling step is annealed later in an oven at 1000 °C.41,42,45
Although the ball milling product suffers from very low purity and the tubes are very
defective, with curved walls, and typically bamboo-like morphology, ball milling is one of
the two low-temperature methods that has demonstrated mass-production of BNNTs on
the gram scale. The tubes size and morphology depend on the type of pressurized gas
used. When using pressurized nitrogen, small, multi-wall BNNTs are formed; on the other
hand, when using pressurized ammonia gas, bamboo-like tubes are formed. This method
was patented in Australia. As is the case for all BNNT synthesis methods, ball milling
synthesis yields tubes with a substantial amount of BN nanoparticle impurities. This
method did not claim any boron impurities in the final material.
7

1.6.2 High-temperature methods
These are methods that take place at temperatures higher than the melting point of the
boron, 2076 °C. These methods produce tubes that are small in diameter size and with
fewer crystal defects compared to the low-temperature methods. The challenge that faces
these methods is the high energy consumption that leads to BNNTs produced by these
methods are quite expensive. The high-temperature methods use powerful heating
sources (for example, CO2 laser or plasma arc discharge) to atomize the boron target into
a pressurized nitrogen environment to initiate the tubes formation. The power of the
source and the pressure of the nitrogen affects the final tube diameter size, length, and
several walls. The typical temperature for these reactions is around the boiling point of
boron (3970 °C).
1.6.2.a High temperature pressure (HTP) method
The HTP method synthesizes BNNTs by heating a boron target using a CO2 laser to its
vaporization temperature in a nitrogen atmosphere. The evaporated pure boron droplets
are then contained in fullerene-like BN cages (“nano-cocoons”), acting as seeds for the
growth of bundles of tubes that then shoot out in all directions from the surface of the
seeds. These tubes ultimately terminate when they run into another nano-cocoon, thus
leading to a 3-dimensional network structure. The HTP method produces a large fraction
of high-quality tubes featuring 2–5 walls with a small diameter in the range of 5–10 nm.39,51
The HTP tubes are also among the longest ones available, about 1 μm in length.37,39,52
Further, HTP has the advantage of producing tubes of high crystallinity and with few
defect sites.37 For these reasons, the HTP method produces the finest tubes available on
8

the market. Nevertheless, these tubes still suffer from a high percentage of impurities, as
discussed in the following.
1.6.2.b Extended-pressure inductively coupled plasma synthesis (EPIC)
High voltage is applied between cathode and anode of the desired material in an inert
atmosphere. For example, in the case of CNT, graphite electrodes are used. By applying
a high voltage, a plasma is formed that causes the vaporization of the anode and the
formation of the CNT “soot” on the anode. In the case of the BNNTs, the experimental
setup becomes more challenging because the electrodes usually should be electrically
conductive, which is not the case for h-BN. To solve this problem, Zettl et al.40,53 used a
compressed h-BN column inside a hollow tungsten electrode. By arching the electrodes,
BNNT soot was produced at the cathode. More advancements have been made to this
method to improve the quality of the produced BNNTs by changing the electrode types
and by introducing metals in the electrodes to act as catalysts. These advances produce
a very high-quality BNNTs of small diameter—5nm—that extends over microns in length.
Different impurities are formed due to the high-temperature environment of the reaction.
The impurities are nanoparticles, metal impurities from the catalysts and remnants of the
electrodes.
1.6.3 BNNT impurities
All currently known production methods produce tubes with a significant amount of
impurities. The most common impurities are boron, its oxides and different forms of boron
nitride, which typically amount to 30–60% by weight in as-received BNNTs.54 These
impurities significantly degrade the properties of BNNTs and hinder the achievement of
9

the anticipated outstanding properties of pure tubes.30,40,55 To better realize the full
potential

of

BNNTs,

research

groups

have

investigated

several

purification

techniques.26,37,56–62 The real challenge for the BNNT research community is the
quantitative and qualitative characterization of the impurities in order to detect impurities
and prove their removal using the different purification techniques. There is limited
literature covering the purity of the BNNTs and the ways to detect their impurities. In this
work, we will investigate different analytical techniques to characterize the BNNTs
impurities, as will be shown in the following section and in detail in chapter 3.

1.7 BNNT impurity characterization
While much research has been published on the properties and the applications of
BNNTs due to their outstanding structural, thermally conductive and electrically insulating
properties, very few papers address the purity of the BNNT material used. Although a
number of research groups are aware of various purification methods and
characterization

techniques

to

assess

the

purity

of

BNNTs

and

impurity

concentration,26,36,54,59–66 so far, there are no publications that describe in detail the
concentrations of the three major impurities that exist in BNNTs. This chapter focuses on
instrumental methods to qualitatively detect the concentration of the impurities in the asproduced and the as-received BNNT materials. The three major impurities that are known
to be in as-produced BNNTs are boron, boron oxide, and BN impurities.
Our focus is on using thermal gravimetric analysis (TGA), Fourier-transform infrared
spectroscopy (FTIR), non-resonant Raman spectroscopy, and X-ray methods to analyze
and quantify BNNT impurities. We demonstrate how TGA can detect impurities by
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comparing the weight changes as impurities oxidize at specific temperatures compared
to pure BNNT. We explore the use of FTIR to examine differences in the peak positions
and their spectral line shapes to detect and quantify impurities compared to the spectra
of pure BNNT samples. Like FTIR, we analyze peak positions and spectral line shapes
of non-resonant Raman spectra to detect the presence or absence of impurities and
evaluate BNNT purity. These techniques can be used to assess the effectiveness of the
BNNT purification process at various stages of different purification procedures: asproduced, as-received, after removal of boron and boron oxide, and after heptanemediated removal of h-BN. The BNNT materials examined in this study were BNNT 1,
BNNT 2, and BNNT 3, which were produced by BNNT LLC using different heating sources
to heat the boron target and synthesis conditons to produce the BNNTs throughout 2015–
2019. As described in the methodology chapter: a) as-produced BNNTs are BNNTs that
did not go under any purification methods, and they contain all kinds of impurities; b) asreceived BNNTs are BNNTs that underwent the BNNT LLC purification process for the
removal of boron and boron oxide; c) BNNTs oxidized and washed are as-produced and
underwent our own William & Mary purification method for the removal of boron and boron
oxide; d) BNNTs heptane purified, are BNNTs that went under heptane purification
method for the removal of BN impurities which we will discuss in the following section and
in chapter 4.

1.8 BNNT heptane purification
Methods for removing boron and boron oxides are known and have been reasonably
effective. The major problem is removing boron nitride (BN) impurities, which occur as
nanoscale and microscale particles. Micron-sized BN impurities have been successfully
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removed using a polymer wrapping method;59 however, the same method has proven
ineffective in removing nanoscale BN impurities.59 Nanoscale BN impurities are extremely
challenging to remove, as they are very similar to BNNTs in terms of their chemistry and
bonding affinity. This makes it very difficult to develop selective chemical
approaches.39,40,42,45,52,67–70 The methods that have been developed to selectively remove
impurities in CNTs have proven ineffective for BNNTs.36 Previous attempts of purifying
BNNT have included the use of acids, surface modification, mechanical methods
(sonication and ball milling) and oxygen treatments at temperatures >700 °C.26,37,71–73
However, acid treatment has shown to damage and erode the boron nitride nanotubes’
structure.37 A similar problem was reported for carbon nanotubes where nitric acid
removes impurities at the expense of damaging the tubes.63 Surface modification using
polymers followed by sonication and centrifugation displays limitations similar to polymer
wrapping in that it damages the tubes as well as producing low yields.62 Sonication and
other mechanical methods have been proposed to separate large micron-sized impurities
and isolate pure BNNTs;37 however, these methods significantly damage pristine BNNTs
and break apart the tube network structure.36 Mechanical methods also suffer from low
yields, especially when tuned to reach high levels of purity.36,60 High-temperature oxygen
treatments conducted up to temperatures where BNNTs start to decompose are reported
to have variable purity and low yields of 10%–20% purified BNNT.26 Due to the inability
of these different methods to remove BN impurities, a new method is needed to overcome
these deficiencies.
In chapter 4 we introduce a novel, non-destructive heptane method for the removal of
boron nitride impurities including h-BN from BNNTs using heptane at a moderate
12

temperature. Our approach focuses on tubes commercially manufactured using the HTP
method, which produces a large fraction of high-quality tubes featuring 2–5 walls and
some of the smallest diameters, in the range 5–10 nm.36,74 The HTP tubes are also among
the longest ones available, about 1 μm in length.36,74 Further, HTP has the advantage of
producing tubes of high crystallinity and with few defect sites.37 Our new process
described in chapter 4 represents a significant advancement in BNNT purification,
producing undamaged BNNTs using methods that are easily scalable in an economically
viable way. Moreover, we used two instrumental techniques to detect the presence of hBN impurities and to verify their removal beyond the qualitative results obtained by
imaging. We demonstrate that the h-BN peaks in both non-resonance Raman and X-ray
diffraction (XRD) are very effective in detecting h-BN impurities. Limited by the signal-tonoise ratio of our measurements, our method removed >99% of the h-BN. We further
used FTIR to confirm the removal of h-BN. A combination of our novel, moderatetemperature purification procedure using a hydrocarbon with techniques to detect
impurities creates a clear path toward achieving and verifying BNNT purity on an
application scale.

1.9 BNNT thermal management applications
BNNTs thermal conductivity ranges from 300–2000 W/(m·K) 30 or even higher depending
on the tube’s diameter size, length, number of walls, and the synthesis methods. Due to
the high thermal conductivity of the BNNTs, a number of research groups used BNNT
composites for thermal applications. The literature can be divided into two main thermal
composites: epoxy-based BNNT composites and other polymer-based composites.
There are a few other publications that do not fall under these two main categories, but
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they are very limited in number.75–77 They are ceramic base BNNT composites and freestanding BNNTs.
Most of the BNNT’s thermal conductivity publications are epoxy-based composites, which
is due to the wide use of epoxy in the electronic industry. Epoxy with high thermal
conductivity is highly desired for the packing and manufacturing of electronic boards for
electronics and photonics. Yung et al.78 synthesized a BNNT/epoxy/organic-Si hybrid
composite with 5% BNNT loading and reported 0.78 W/(m·K). Lie et al.30 did the same
work as Yung, but changed the organic silicon to silicone, and the authors got
0.79 W/(m·K) at 5% loading. Takizawai et al.79 adapted a glass fiber epoxy composite
loaded with BNNTs, and they observed 1.2 W/(m·K), which is higher than all previously
reported BNNT epoxy composites. Zhang et al.80 functionalized the BNNTs to get a high
surface interaction between the BNNTs and the epoxy and by doing this, he got 1.5
W/(m·K), which is about a 650% increase in the thermal conductivity compared to the
neat epoxy.
Less research has been conducted in the literature regarding composites other than
epoxy polymers. Most of the thermal conductivity (TC) results are within the same range
of around 1.0–2.0 W/(m·K). Quiles-Díaz et al.81 reported 250% TC enhancement for a
BNNT/high density polyethylene (BNNT+HDPE) composite compared to neat HDPE.
Jakubinek et al.82 impregnate BNNT bucky paper (paper entirely made of BNNTs) with
polystyrene to enhance the TC of the polystyrene composite to 3.6 W/(m·K). The
enhancement in the TC could be explained by understanding the bucky paper synthesis
process. To prepare a bucky paper, BNNTs were dispersed in a solvent utilizing
sonication followed by membrane filtration to form a condensed film of BNNTs. This
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process induces the tubes alignment and the tube-to-tube interaction, which should
increase the phonon propagation in the composite. Moreover, Wang et al.46 claimed a
very high thermal conductivity—14 W/(m·K)—for their BNNT/polyurethane composite
film. No exceptional sample preparation or composite processing during the
manufacturing of the composite can explain the enhancement the authors showed.
BNNT composites so far do not show any promising high thermal conductivity results that
could meet the needed industrial specifications. We believe that the main reasons for the
low TC values are the thermal interface resistance, the BNNT Network being destroyed
by dispersion and the low intrinsic conductivity of the polymer matrix. It is well known that
BNNTs are a very stable compound due to the strong BN ionic bond. The surface of the
tubes does not react with the composite matrix, which causes high thermal interface
resistance. This leads to phonon scattering and low thermal conductivity of the overall
composite. What is more interesting is that all the groups working with BNNT are in
essence destroying the BNNTs’ network paths that developed during the BNNT synthesis
by dispersing the BNNT, which acts as a phonon transfer network. BNNT researchers
apply the CNT processing technologies to BNNTs, although the two materials are
different in their final structure morphology. BNNTs are usually synthesized by high
temperature and pressure methods, creating network structures with a high percentage
of impurities. This network structure is very different from the CNT, and sonication
approaches that work for CNTs were proven to fail for BNNTs as the tubes are tangled
together. Dispersing BNNTs to a true nanoscale dispersion is hard to achieve with the
current BNNTs preparation methods and technologies. In chapter 5, we investigate the
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effect of the BNNT network versus the dispersion on the thermal conductivity of the
composites.

1.10 BNNT structural reinforcement applications
Replacing metals (aluminum, titanium, steel, and alloys) with composites is an important
research topic. Research groups have been investigating BNNTs as a potential filler for
structural reinforcement composites. The matrices used were aluminum alloys, ceramics,
glass, epoxies, and polymers. The reported data on the polymer/BNNT composites are
limited, and more work needs to be conducted to understand the potentials and the
boundaries of BNNTs as a composite filler. Although BNNTs have a very high Young’s
modulus of up to 1.3 TPa,16 the reported tensile and compressive strength and Young’s
modulus of the manufactured composites are not showing the desired values. For a
polyurethane matrix, Li et al.83 reported 38.2% and 6.3% increases in compressive
modulus at 0.5 vol% and 2.0 vol% loading, respectively, compared to the neat
polyurethane. Zhou et al. claimed the reason for the poor performance of the BNNT
composites is due to the chemical inertness of the BNNTs surface, which leads to the
weak interaction between the matrix and the tube surface.84 Zhou et al claimed the
solution for this is to activate the surface by functionalization with functional groups for
strong covalent interaction. We agree with Zhou et al., and we also think other factors
cause this poor performance, which will be covered in detail in chapter 5.
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Chapter 2
Materials and experimental methods
2.1 BNNT materials
Boron nitride nanotube materials (BNNT) were received from BNNT LLC (Newport News,
US) in two different forms: 1) as-produced and 2) as-received. The as-produced BNNT is
material that does not undergo any purification from the BNNT LLC facility, while the asreceived BNNT was purified by removal of the unreacted amorphous boron using BNNT
LLC patented techniques.
2.1.1 As- produced BNNT purification using the purification rig
Boron nitride nanotubes were synthesized based on the high temperature pressure
method (HTP), which produced tubes with a significant amount of impurities. The tubes
were recovered from the synthesis rig as gray or brown colored puff-balls, as shown in
Figure 2.1.A. The most common impurities are unreacted amorphous boron (which
represents 30–50% of the BNNT yield), boron oxide, and boron nitride impurities that do
not mature enough to form tubes.
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(a)

(b)

Figure 2.1: As-produced and as-received BNNTs. a) shows As-produced BNNT before
purification with a gray or brown color, b) shows BNNT after purification and the removal of the
boron impurities.

The purification of the as-produced BNNT from boron and boron oxide divides into two
subsequent steps: the oxidation step and the washing step. In the oxidation step, the
unreacted boron was oxidized by heating the as-produced BNNT in the muffle at 550 °C
in the presence of air to oxidize the boron to boron oxide as shown in Figure 2.2.A. Boron
reacts with oxygen in the air, forming boron oxide, as shown in the following equation.
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 550 °𝐶𝐶

4𝐵𝐵 + 3𝑂𝑂2 �⎯⎯⎯⎯⎯⎯⎯� 2𝐵𝐵2 𝑂𝑂3

Boron oxide is known to dissolve in water or steam leaving behind clean white BNNT
tubes, as shown in Figure 2.1.B. To conduct the dissolving step for the boron oxide, the
heated BNNT was added to a boiling water bath and stirred for 1–2 hours. During the
drying process, the material was observed to shrink and become rigid, losing its puff-ball
nature as shown in Figure 2.2.B. The reason behind the shrinkage is expected from the
water surface tension forces during the drying process, this caused the tubes to approach
each other, triggering Van der Waals forces, causing the tubes to stick together, making
the material hard to handle, brittle, and denser.
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(a)

(b)

Figure 2.2: a) As-produced BNNT inside the muffle for oxidation at 550 °C, b) BNNT shrinkage
after washing in a water bath.

A purification rig was installed to remove the oxidized boron by steam and nitrogen gas,
as shown in Figure 2.3, to solve the drying problem.
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Figure 2.3: BNNT steam purification rig to remove boron oxide from as-produced BNNT.

Figure 2.3 shows the purification rig, composed of four main components. A glass tube
of 4 inches in diameter and 4 feet in length, a steam source, a nitrogen flow inlet to drive
the steam over the puff-ball, and a beaker to collect the condensed steam. Heating coils
surrounding the glass tube were installed to raise the temperature inside to 150–180 °C
to keep the steam flow inside the tube from condensation. Figure 2.4 shows an inside
view of the purification rig. The BNNT was set on a metal frame to ensure that the material
would not contact any water if any condensation occurred in the heated portion of the
tube.
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Figure 2.4: Inside view of the purification rig.

The washing of the boron oxide usually takes from 1–2 hours. To monitor the progress of
the cleaning, every 30 min, the condensed steam was collected at the end of the glass
tube in a beaker. Then the beaker heated in a conventional microwave oven to evaporate
the water and retrieve the boron oxide salt. We observed a white boron oxide residue, as
shown in Figure 2.5 in the first and second 30 min intervals of BNNT washing. Then the
beakers were completely clean showing no white boron oxide after evaporation of water
hinting that the washing step was completed. The FTIR could be used as a
characterization technique for the boron oxide presence before and after washing as will
be discussed in chapter 4.
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Figure 2.5: White boron oxide residue retrieved from the evaporation of the collected condensed
steam during the BNNT washing.

2.1.2 BNNT boron nitride impurities purification (heptane purification technique)
To purify tubes from boron nitride (BN) impurities, a low-temperature moderate pressure
solvent-based technique was used to purify the BNNTs (heptane purification). Boron and
boron oxide are significantly easy to remove compared to the BN impurities due to the
chemical similarity of the BNNT and the BN impurities. As-received or as-produced BNNT
(after boron purification) were used as starting material for the heptane purification. About
50 mg of BNNTs were mixed with 30 mL of heptane (Sigma Aldrich, Raleigh, NC, USA)
in a 45 mL Ace pressure tube (Ace Glass Incorporation, Vineland, NJ, USA). The system
was heated and maintained at 90 °C for 5 hours in an oil bath as shown in Figure 2.6.
The system was cooled to room temperature before the pressure tube was opened.
Heptane was separated from the BNNT sample by decantation. The purified BNNT was
dried in a vacuum oven under < 10 mbar at 250 °C overnight. The decanted heptane
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solution containing the suspended BN impurities was concentrated in a vacuum oven at
a pressure < 10 mbar and T=60 °C for further investigation. Discussion and
characterization of the heptane purification method will be covered in detail in chapter 3.

Figure 2.6: BNNT heptane purification setup.
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2.2 BNNT Composite preparation
Two sets of BNNT composites were prepared to study the effect of BNNT dispersion
versus. using the BNNT network as synthesized on the final composite thermal
conductivity and structural reinforcement properties. The difference between the two sets
of composites was in the filler processing approaches.
The first set of composites were prepared by dispersing the BNNT in acetone using a
milling like method, where the BNNTs were added into a 20 mL glass-vial in the presence
of a magnet and filled with acetone solvent. Then they were left overnight shaking in a
vortex shaker at 1500 rpm as shown in Figure 2.7. We believe that this method is better
than the regular sonication method used in the literature because it does not damage the
tubes as the sonication does. A known weight of the PS polymer (Sigma Aldrich, index
14) was added to the dispersed BNNT solution. Then the solution was left for mixing in
the vortex for 3h. The mixture was dried by stripping off the solvent under room conditions.
Followed by, the mixture was compressed into a 13mm disc mold where it was heated in
a vacuum oven under argon environment at 235 °C for 3h as shown in Figure 2.7.a, b.
Then the mold undergoes a hot pressing step in a Carver hot press at 235 °C to squeeze
the air bubbles out of the composite (Figure 2.8.a). The die was designed to aid a
breathing cloth to facilitate the escape of air bubbles from the polymer matrix (Figure
2.7.d). The 13 mm composite disc (Figure 2.7.c) is finally ready for thermal conductivity
measurements. We prepared PS-BNNNT dispersed composites with 2.5%, 5%, and 18%
loading by weight. The size of the disc was defined according to the size of the Hot-Disk
TPS-3500 sensor to fulfill the conditions required for the thermal conductivity
measurement, as will be discussed in the following section.
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Figure 2.7: a) Compressing of the composite sample in a 13 mm circular die at 235 °C under
argon environment in a vacuum oven, b) Inside view of the vacuum oven and the compressing
setup, c) BNNT-Polystyrene composite disc after pressing, d) 13mm steel mold with a breathing
cloth at the bottom of the die to facilitate the escape of air bubbles, e) Dispersion of BNNT using
a vortex and a magnet-stirrer.
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For the second set of composites, the idea was to keep the network intact while
impregnating it with the polystyrene polymer. A defined weight of PS was melted in the
vacuum oven at 235 °C under argon to prevent the oxidation of the polymer.
subsequently, a known weight of the BNNT puff-ball was added on the top of the molten
PS under the argon environment and left until it sank in the PS due to the wetting and the
strong positive interaction between the BNNT surface and the PS. (Figure 2.8.b). The
prepared composite was left to cool down to room temperature before further processing.
The prepared PS-BNNT composite was trimmed to get rid of the extra PS. After trimming
the PS, the loading percent of the BNNT to the PS is still 1–2%, so a different process is
needed to achieve the desired BNNT loading. This was accomplished using the Carver
hot press to squeeze out the PS from the BNNT network into the breathing cloth at the
bottom of mold. Like the dispersion composite, the impregnated BNNT samples further
heated in a 13 mm metal mold in a vacuum oven under argon environment at 235 °C for
3 hours followed by heat pressing in the hot press at 250 °C and pressure equal to 7 MPa
(Figure 2.8.a) to get at the end discs of 13 mm diameter of higher BNNT percentage
weight for measuring the thermal conductivity of the composites. We prepared PSBNNNT impregnated composites with 7.5%, and 18% loading by weight.
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Figure 2.8: a) Pressing the composite sample in a 13 mm die while heating at 235 °C, b) BNNT
impregnation with molted polystyrene.

The same concept of network versus dispersion composites was tested for the tensile
strength testing coupons. The tensile testing samples are expensive in terms of the time
and the amount of BNNT material need to prepare the samples. The difference in the
tensile testing samples from the thermal one, the testing coupons have to be larger in
size and a dog bone shape or at least strip shape (which we adapted in this study). To
prepare strip like tensile testing samples two approaches were used. The first approach
was to mold a 24x24x2 mm3 disk of BNNT polystyrene composite. Then cut it to strips
24x5x1 mm3 using a top-bench table saw. The strips prepared by this method were suffer
from imperfections at the cutting sites which leads to immature failure of the samples
causing a large standard deviation. The second method we adapted to overcome this
problem was to mold the BNNT polystyrene composite in a 90x6x1 mm3 mold and cut the
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molded sample to 30x6x1 mm3 tensile testing coupons. By this method, we managed the
imperfections result from cutting will be outside the testing region of the coupon.
Due to the brittleness of the composite samples loaded with BNNT, we had hard time to
grip the samples in the tensile testing MTS instrument as they cracked and breakdown at
the grips. To overcome this problem, we glued using epoxy a breathing cloth at the griping
areas to give the samples a better strength at the griping areas Figure 2.9 so that the
failure happens in the middle of the tested sample.

Figure 2.9: Tensile testing composites samples reinforced at the griping area using epoxy with
breathing cloth.

The higher the loading the more brittle the composites samples and easy to break a part.
And this is more dominant in the impregnated composites compared to the dispersed
ones. This problem causes that we failed to prepare and test BNNT composites at higher
percentage loadings.
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2.3 Instruments
2.3.1 Hot-Disk TPS-3500 thermal conductivity instrument
To obtain the thermal conductivity measurements, a Hot-Disk TPS-3500 was used to
measure the thermal conductivity (TC), thermal diffusivity (TD), and heat capacity (Cp)
for the prepared composites. The Hot-Disk TPS-3500 is top of the line thermal
conductivity instrument with a versatile capability to measure solid, liquid, and paste
samples. The instrument measures thermal conductivity in the range of 0.005–1800
W/m/K and a temperature range -253–1000 °C. The Hot disk measures the TC based on
the transient plane source method, and utilizes five different modules: 1) Isotropic module
(that measures the TC and TD properties of the bulk material), 2) Anisotropic module
(that measures the TC and TD in-plane and out of plane), 3) the heat capacity module
(which measures the heat capacity of the bulk material) and it is very important for the
Anisotropic measurements, 4) the slab module, and 5) the thin-film module. The first three
modules are available in our laboratory and where used to get the thermal conductivity
data for the bulk, in-plane and out of plane of the composites. The instrument measures
the TC with double-sided samples configuration where the sensor is sandwiched between
two identical discs of the measured sample. Alternatively, a single-sided configuration
could be used, where an insulating material replaces one of the sample discs as a backing
material. But it is less accurate.
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Figure 2.10: Hot-Disk TPS-3500 thermal conductivity instrument.

2.3.1.a Hot-Disk TPS-3500 different parts
The Hot-Disk TPS-3500 instrument is composed of three parts, as shown in Figure 2.10.
On the left, the sample stage is positioned, where the sensor is mounted and sandwiched
between two samples. The main controller is the black box in the middle of the figure, it
incorporates a very sensitive variable resistance in a Wheatstone bridge circuit to monitor
the change of the resistance of the sensor as a function of temperature. On the right of
the figure is the operating computer with the Hot-Disk software to run the tests and
analyze the data.
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Figure 2.11: An overview of the sample stage of the Hot-Disk TPS-3500.

Figure 2.11 shows an overview of the sample stage; the samples stage is designed to fit
a PEEK adaptor (sensor holder) where the different sensors are mounted. The sample
stage is made from steel so it could be fit inside an oven to run TC at high temperatures.
The stage has a movable base so it could fit different samples' thickness sizes, and it also
features a screw in the top allowing the tightening of the samples to have a better contact
between the sensor to reduce the contact resistance.
2.3.1.b Sensor and sample size
The Hot-Disk TPS sensor consists of an electrically conducting pattern in the shape of a
double spiral etched out of a thin sheet of nickel. Nickel foil is chosen due to its wellknown temperature coefficient of resistivity. The conducting nickel pattern is supported
by two thin layers of electrically insulating material on both sides, as shown in Figure
2.12.a Three different insulating materials are available: Kapton, Mica, and Teflon. The
Kapton sensor is what we utilized in this work, and it works from -243–180 °C. The Teflon
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sensor is for corrosive measurements and the Mica for the high-temperature
measurements. The Sensor acts as a heating source and a temperature sensor at the
same time.

Figure 2.12: a) Hot-Disk TPS Kapton sensor, b) Hot-Disk heat capacity sensor.

The main idea to get accurate and reliable data is that the sensor should be contained in
an infinite sample matrix, so it is not get affected by the surrounding. Different sensors
sizes are ranging in radius from 1.0–29.5 mm. Using the largest sensor is always the first
chose. For example, if testing a large sample that is 10 cm x 10 cm and thickness of 5
cm, it is best to go with the 29.5 mm radius sensor. As the larger sensor will average over
a large volume as it has a large contact surface area with the sample. This gives more
accurate results compared to a small sensor. A problem occurs if you have a small
sample, how are you going to pick the sensor? Before discussing how, we need to define
the probing depth term. The probing (or penetration) depth means how far the heat will
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transfer or propagate into the sample during the testing time. The goal is to keep the
probing depth less than the size of the sample so that heat does not reach the edge of
the sample and dissipate in the surrounding or reflect into the sample. To keep the
penetration depth inside the sample, the size of the sample needs to be at least two
diameters of the sensor in the x and y planes and equal to at least one radius in the z
plane (out of the plane of the sensor). The two diameters rule in the x, y planes comes
from that the sample should be greater than the size of the sensor adding the sensor’s
radius length in all directions. For example, if a 2 mm radius sensor is used to measure
the TC of a sample, the sample size should be at least 8 mm in diameter. This adds the
sensor’s radius length in the negative x-axis direction and another radius length in the
positive x-axis direction leading to a total of 8 mm. and similarly for the y-axis direction.
For the sample thickness, it needs to be minimum of 2 mm, as one radius length is needed
from the surface of the sensor in the z-axis direction. Our experimental samples are at
the lower limit of the needed sample. Thus, fulfilling the instrument operating condition
becomes challenging.
For the heat capacity measurements, a special sensor with a gold-plated pan is used, as
shown in Figure 2.12.b The pan gets isolated inside an insulating setup to decouple it
from the surroundings as shown in Figure 2.13. The pan size is 25 mm in diameter and 5
mm in thickness. The heat capacity sample is preferred to be close in size to the pan for
reliable results.
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Figure 2.13: Samples stage with the heat capacity sensor and its insulation setup.

2.3.1.c Thermal conductivity and heat capacity measurements
The thermal conductivity of the bulk material is measured using the Isotropic module. Two
13 mm sample discs are sandwiching the smallest sensor 7577 (4mm diameter) of the
TPS-3500. The sensor acts as a heating source and a temperature sensor. After the
sample was set up, the system needs to be rest for at least 30 min until the system
stabilized with the environment and can get rid of any thermal residue results from the
operator's hands during the setup process. Then a thermal drift is measured to check the
stability the system before performing the test. If a scattered horizontal data shows up,
that means the system is stable. If the data has a positive trend or negative trend that
means the system has residual heat and it needs more time to stabilize. Next a transient
curve is recorded for temperature change versus time.
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The instrument measures the thermal diffusivity, and by conducting iterations to find the
slope of the data, the software finds the thermal conductivity. And finally, from the relation
between TD (𝒂𝒂) and TC (𝝀𝝀) the Cp (𝑪𝑪) is calculated. Where (𝝆𝝆) is the density of the
material.

𝒂𝒂 =

𝝀𝝀
𝝆𝝆𝝆𝝆

Although the Hot-disk TPS-3500 has a lot of functionality and could measure different
types of samples, it has several parameters that need to be fulfilled to consider the
measurement valid. The first parameter is the heating power (Watts). The sample needs
to be heated by the sensor to a value between 0.4-4 K. in this experiment we keep the
value to be around 1K by changing the number of Watts run through the sensor. The
second parameter is time (sec), we need to keep the probing depth, as we discussed in
the sensor and samples size section, inside the sample so the measurement is not
affected by the surroundings. So, by keeping the measuring time (sec) short, this leads
to a probing depth more than the radius but less than the diameter value the results are
reliable and accurate data. During this project we used 1–10 sec as the measuring time.
The heat capacity module is used with the gold pan sensor to measure the heat capacity
of the composite. First, a calibration is conducted for the pan empty to find the heat
capacity of the pan without the samples to be used as a reference value. Then the sample
is measured with respect to the reference at different heating times 20, 40, 80, 160, and
320 sec, the software finds the heat capacity of the material at each time interval with
respect to the reference empty pan, which produces a Gaussian curve. The highest point
on the curve represents the Cp of the material as the Cp values on the left side of the
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Gaussian curve represents the heat capacity of partial volume of the sample. While the
right-side Cp values represents the heat capacity of the samples and the surrounding as
you are probing outside the sample.
2.3.2 MTS Criterion C41 electro-mechanical tensile testing instrument
The stress-strain data was measured using MTS Criterion C41 equipped with a 5KN load
cell. Thumb grips were used to hold the samples, as shown in Figure 2.14.a,b. The
instrument measures the force versus displacement. From the stress-strain curve the
Young’s modulus, yield point, yield stress, yield strain, toughness and ultimate stress are
calculated.

Figure 2.14: a) Electromechanical MTS tensile testing instrument, b) Zoom in of the Crosshead,
load cell and thumb grips.

The stress-strain curve for most of the materials is divided to two parts, the elastic region
and plastic region. The intersection between these two regions is the yield point were the
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material change form temporary deformation (elastic region) to permanent deformation
(plastic deformation) the material starts the failure process. The Young’s modulus is a
useful quantity that could be calculated in the elastic region. The Young’s modulus
governs the relation between the stress and the strain and equals the slope of the stressstrain graph in the elastic region. The stiffer the material the steeper the slope and the
high the Young’s modulus. The soft and stretchable the sample the low the Young’s
modulus. The highest stress point on the graph before failure represents the ultimate
stress of the material. The area under the stress-stain graph represents the toughness of
the material and equals to the amount of energy the material absorbs before failure.
2.3.3 Other instruments used for characterization of the BNNT materials
2.3.3.a FESEM imaging
Field emission scanning electron microscopy (FESEM) was carried out using a Hitachi S4700 FESEM equipped with a secondary electron detector. The samples were run at an
acceleration voltage of 10 kV with a 7.5–8.0 mm working distance. For sample
preparation, the BNNTs were dispersed in isopropanol, pipetted onto graphite tape, spindried, and sputter coated (Anatech LTD, Hummer 6.2) with a ≈2 nm layer of
gold/palladium to prevent charging. The obtained coating based on the pressure of the
coating system, 0.08 mbar, was relatively rough, as can be seen in all higher-resolution
SEM images.
2.3.3.b TEM
Transmission electron microscopy (TEM) was carried out using a Philips CM 10 TEM at
80 kV. Micrographs were obtained using an AMT XR80S-B 8MP camera. The samples
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were prepared by drop casting a BNNT dispersion onto lacey 300 mesh carbon TEM
grids.
2.3.3.c XRD Analysis Method
XRD analysis was performed using a Bruker APEX DUO diffractometer equipped with an
APEX II CCD Detector and a microfocus copper Kα source (wavelength λ=1.54 Å). The
samples were prepared by compressing 20 mg of BNNT material in discs with a diameter
of 3 mm. To address possible inhomogeneities of the BNNT samples, different locations
on the BNNT disc were measured.
2.3.3.d Raman spectroscopy
Raman data was collected using a Renishaw inVia dispersive Raman spectrometer using
514 nm with an excitation power of 40 mW and a 100× objective with a 0.90 NA. The
samples for the as-received BNNT and purified BNNT were prepared by compressing the
materials into 3 mm diameter discs for higher density and a better Raman signal. Sample
preparation for the residual impurities was done by drop-casting the concentrated
heptane solution on a silicon wafer. The Raman spectrum had a broad background over
the range of 500–7000 cm−1 due to fluorescence. This background was removed using a
second-order polynomial fit.
2.3.3.e FTIR
Fourier transform infrared spectroscopy (FTIR) measurements were made using a
Shimadzu IRTracer-100 FTIR spectrophotometer with a reflection ATR accessory on the
as-received BNNT, the heptane purified BNNT and the h-BN. An average of 32 runs with
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a resolution of 4 cm−1 was used. The spectra shown represent the absorbance (common
logarithm of the intensity ratio of incident to transmitted light). To account for different
amounts of materials tested, the spectra were normalized for their maximum to be 1.0.
2.3.3.f TGA
Thermal gravimetric analysis (TGA) was used to evaluate the percent concentration of
boron in the BNNT materials. By heating the BNNT samples at 550 °C in air using TA
Q500 instrument, the boron impurities get oxidized to boron oxide gaining wait. By finding
the weight difference between the initial and final weight, the weight of the boron oxide
could be determined. Since the number of moles of boron oxide could be calculated and
form the fact, this reaction is synthesis reaction were each boron gives one boron oxide
(1:1 molar ratio). Then we could calculate the initial weight of the boron that has been
oxidized during the reaction, and we could quantify the weight percent of the boron
impurities. Another use for the TGA was to find the actual loading of the BNNT in the
polystyrene composites. By heating the composite to 450 °C the polystyrene is oxidized
to carbon dioxide and water leaving behind BNNT. By knowing the initial and final weight,
the actual weight percent of the BNNT in the polymer composite could be calculated.

39

Chapter 3
Detection of BNNT impurities
3.1 Why BNNT characterization
While much research has been published on the properties and the applications of BNNT
due to its outstanding structural, thermal conductivity and electrical insulator properties,
these papers have not addressed the purity of the BNNT material they studied. Although,
a number of research groups are aware of various purification methods and
characterization techniques to assess the

purity of BNNT and the impurity

concentration,17,27,45,50–57 So far, there are no publications that describe in detail the
concentrations of the three major impurities in BNNT. The three impurities that are known
to be in as-produced and as-received BNNT during the high temperature and pressure
(HTP) fabrication process are boron, boron oxide and BN impurities. This chapter focuses
on instrumental methods to detect and quantify the concentration of the impurities in the
as-produced and the as-received BNNT materials.
Our focus is on using, thermal gravimetric analysis (TGA), Fourier transform infrared
spectroscopy (FTIR), and non-resonant Raman spectroscopy methods to analyze and
quantify BNNT impurities. We demonstrate how TGA can detect impurities by comparing
the weight changes as impurities oxidize at specific temperatures compared to pure
BNNT. We explore use of FTIR to examine differences in the peak positions and their
spectral line shapes to detect and quantify impurities compared to the spectra of pure
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BNNT samples. Lastly, as with FTIR we describe the use of non-resonant Raman peak
positions and spectral line shapes to detect the presence or absence of impurities to
evaluate BNNT purity.
These techniques can be used to assess the effectiveness of the purification process at
various stages of purification from as-produced, as-received, boron and boron oxide
removal, and after heptane h-BN removal. The BNNT materials examined in this study
were, BNNT 1, BNNT 2, and BNNT 3 which were produced from 2015–2019 at BNNT
LLC. As described in the methodology chapter: a) as-produced BNNT, is BNNT that does
not go under any purification methods and it contains all kinds of impurities, b) as-received
BNNT, is BNNT material that went under BNNT LLC purification process for the removal
of boron and boron oxide, c) BNNT oxidized and washed, is as-produced BNNT that
underwent purification method at the College of William and Mary for the removal of boron
and boron oxide, and d) BNNT heptane purified, is BNNT that underwent the heptane
purification method for the removal of BN impurities.

3.2 Thermal gravimetric analysis (TGA)
Thermal gravimetric analysis (TGA) was conducted on boron, boron oxide and h-BN
(sigma Aldrich stock materials) to define the oxidation temperature of the three known
impurities in the HTP fabrication method compared to BNNT. The TGA figures display the
percentage weight change during a 10 °C/min ramp in air to 1000C.
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Figure 3.1:Thermal gravimetric analysis spectra of heptane purified BNNT and different
impurities for a baseline comparison.

Figure 3.1 compares the percentage weight change of BNNT heptane purified (red curve)
with respect to boron (brown curve), boron oxide (green curve) and h-BN (blue curve).
The spectrum shows that the Aldrich boron experiences oxidation beginning around 300
°C and oxidizes much rapidly as 400 °C is approached. The rate of weight change clearly
decreases as the temperature approaches 600 °C. Boron oxide is shown to be stable
over the entire temperature range. The h-BN begins to oxidize around 825–850 °C. The
BNNT heptane purified appears to be stable to a slightly higher temperature near 850–
900 °C but then oxidizes more rapidly than h-BN. Although, the Aldrich boron appeared
to oxidize at around 300 °C in Figure 3.1, other experiments have shown that BNNT’s
boron impurities oxidizes around 200 °C. This might be explained by the nanoscale
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particle size nature of the boron impurities formed during the HTP synthesis method which
is expected to be more reactive than Aldrich stock material.

Figure 3.2:TGA spectra of BNNT 3 samples at different purification stages.

Figure 3.2 displays the percentage weight change for the most recently received BNNT
material at various stages of purification: as produced; after oxidation at 550 °C for three
hours in air to oxidize boron, and then washed to remove all boron oxide ; and last after
having had h-BN removed by treatment with heptane under pressure at 90 °C for three
hours. Both the as-produced and boron-boron oxide purified samples show that BNNT is
highly hydroscopic picking up several percent water. As shown in Figure 3.2, there is an
increase in the percentage weight gain at 200 °C and again as the temperature
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approached 400 °C. Based on Figure 3.1, the weight loss results demonstrate that boron
exists in the as-produced BNNT.
Figure 3.1 and Figure 3.2 indicate the boron impurity undergoes a complex oxidation
process. We propose that like aluminum, the boron oxide particles become coated with
an oxide layer, which decreases the rate of oxidation up to temperatures approaching the
temperature where h-BN and BNNT also decompose. Figure 3.2 showed that BNNT 3
oxidized and washed, aside from moisture removal, shows no weight change until
temperatures where both h-BN and BNNT begin to oxidize. Similarly, the BNNT 3 heptane
purified, showed significant weight loss due to heptane removal up to 500°C. Then there
is no weight gain or loss until the purified boron nitride tubes begin to decompose. Figure
3.1 and Figure 3.2 clearly indicate that a TGA analysis of percentage weight loss or gain
can be used to identify the presence of boron and its removal by oxidation with a steam
wash. Due to its complex oxidation process, it is challenging but possible to accurately
quantify the concentration of boron from the percentage weight gain once fully oxidized
to boron oxide.
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Figure 3.3: TGA spectra of BNNT 1 at different purification stages.

Figure 3.3 displays the variation in percentage weight change in as-produced (black
curve), as-received (green curve), and heptane purified (red curve) for material BNNT 1,
the earliest produced sample. Figure 3.3 shows there is boron impurity in the as-produced
BNNT. Boron begins to oxidize at 200 °C and again undergoes variation in its rate of
oxidation with temperature as discussed. The as-received BNNT 1 percentage change in
weight suggests boron was not fully removed from the as-received material at that time.
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Figure 3.4: TGA spectra of BNNT heptane purified samples.

Figure 3.4 compares the percent weight loss for the heptane purified BNNT materials
produced at three different times over the past four years. The results show that aside
from the extent to which residual heptane and moisture were removed prior to testing,
these BNNT samples are stable up to the temperature where boron nitride tubes begin to
decompose.
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Figure 3.5: TGA spectra zoom in from 700 °C–1000 °C to show the difference in the starting
oxidation temperatures between different BNNT materials.

Figure 3.5 focuses on the high temperature stability of the three different batches of BNNT
1,2 and 3 produced over four years after boron and boron oxide removal compared to
these three materials after heptane purification to remove h-BN. The results showed both
BNNT 1 and both BNNT 2 materials are stable up to 900°C. BNNT 3 oxidized and washed
started to decompose near 800 °C. BNNT 3 heptane purified started to decompose near
850 °C. Why both BNNT 3 materials before and after h-BN removal oxidized earlier is not
clear but that could be explained by the different in the crystallinity of the different BNNT
tubes and the crystals defects which act as week sites causing earlier oxidation at lower
temperature. The data from Figure 3.5 suggests that both h-BN and BNNT oxidize at the
47

same temperatures. This observation leads to the conclusion that it is not possible to
detect h-BN impurity using thermal gravimetric analysis and clearly indicates that h-BN
when removed thermally also destroys the boron nitride tubes as previously discussed.17

3.3 Fourier transform Infrared spectroscopy (FTIR)
Fourier transform Infrared spectroscopy (FTIR) was used as an analytical tool to detect
BNNT impurities. Similar to TGA, the FTIR spectra of the BNNT’s impurities, boron, boron
oxide and h-BN stock (sigma Aldrich samples) were measured and are shown in Figure
3.6.

Figure 3.6: FTIR baseline spectra of boron (brown) , boron oxide (green), h-BN (blue),BNNT 1
as-produced (black) and BNNT 1 heptane purified (red). The spectra show three dominant
peaks for the boron oxide at 3203 cm-1, 1355 cm-1, and 696 cm-1.
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The boron spectrum showed no peaks as expected since boron is a nonpolar metal.
Boron oxide displayed three clearly identifiable peaks at 3203 cm-1, 1355 cm-1, and 696
cm-1. The last two peaks are obscured underneath the two strong peaks for h-BN and
BNNT at 1317 cm-1 and 783 cm-1. Figure 3.6 shows that the as-produced BNNT did
contain boron oxide and that it was removed during the purification process.

Figure 3.7: FTIR baseline zoom in form 2500–4000 cm-1 to show the boron oxide peak in
comparison.

Figure 3.7 displays the existence of boron oxide’s peak at 3203 cm-1 in as-produced
BNNT 1 and BNNT 3 and its absence in purified BNNT to assess the presence of this
impurity. The spectra show that as-produced BNNT 3 contained more boron oxide than
as-produced BNNT 1.
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Figure 3.8: FTIR spectra of BNNT 3 at different purification stages. BNNT 3 as-produced (black
curve) shows a dominant peak at 3202 cm-1, the BNNT 3 oxidized and washed (green curve)
and heptane purified (red curve) spectra show the absence of the boron oxide peak.

Figure 3.8 focus on the range of 2500–4000 cm-1 it shows that the as-produced BNNT 3
(black spectrum) has a pronounced peak at 3203 cm-1 of 80% transmittance. while both
the oxidized and washed and heptane purified BNNT 3 (green and red spectra) do not
visually display this peak. This verifies that the as-produced BNNT 3 purification step of
oxidizing boron impurity at 550 °C for three hours followed by a steam wash removes the
boron and boron oxide from the BNNT 3.
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Figure 3.9: FTIR spectra zoom in from 500–1800 cm-1 of BNNT 3 at different purification stages.

Figure 3.9 focuses on nBN’s and BNNT’s two peaks attributed to out of plane buckling
near 1317 cm-1 and in-plane optical phonon modes near 783 cm-1. The expansion of this
region displays the boron oxide peaks in the as-produced BNNT 3. This reinforces the
high concentration of boron oxide in as-produced BNNT 3 relative to as-produced BNNT
1. Differences between the full width half maximum (FWHM) of the peaks and the peak
shapes in as-produced versus purified BNNT 3 are clear as well as to a lesser extent for
BNNT 1.
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Figure 3.10: FTIR overlay spectra of heptane purified BNNT.

Figure 3.10 overlays the spectra for all purified BNNT materials produced over the past
four years. One the material was purified the line shapes became more symmetric and
narrower as previously shown and predicted.73 For all three heptane purified BNNT
materials, the ratios of their peak heights is quite close.
Previous work has proposed and explored a peak height ratio method utilizing the FTIR
spectra of the h-BN and BNNT peaks shown in Figure 3.9 and Figure 3.10 to detect the
presence of h-BN impurities in a BNNT material and quantify its concentration.48,73 To
assess this method and its possible modification, Figure 3.11 and Figure 3.12 have been
prepared.
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Figure 3.11: Column presentation of 750 cm-1 and 1300 cm-1 peaks heights of the different
BNNT materials. The numbers between the parenthesis on the x-axis represents the peak ratio
of the (700 cm-1:1300 cm-1).

Figure 3.11 shows that the peak heights of the two peaks in Figures 3-9 and 3-10 for hBN are close to equal as previously shown.48,73 The ratio of the 750 cm-1 peak height to
the 1300 cm-1 peak is higher for the as-produced BNNT 1 and BNNT 3, However the
proposed effect on the ratio after the purification steps of boron-boron oxide removal and
then heptane h-BN removal on this ratio varies. It is well documented through theoretical
predictions of the FTIR peak positions of these two modes of vibration that they vary
depending on the tube diameter, the number of concentric tubes in the multiple walled
tubes that affects the inner and the intra tube atomic bond distances.74. It is clear that
these calculations suggest that a fabricated BNNT materials that moves from a
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homogeneous sample of fixed diameter single walled tubes to a mix of tube diameters
and multi-walled tubes. These two peaks will be broadened and become less
symmetrical, resulting from a combination of the varying bond distances due to varying
tube diameters and multiple layer tubes. This fact is supported by the FTIR spectra of
multi-walled BNNT where the 1300 cm-1 peak is a bimodal combination of two broad
absorption peaks.75

Figure 3.12: Column presentation of area under the peak of 750 cm-1 and 1300 cm-1 peaks of
the different BNNT materials. The numbers in parentheses on the x-axis represents the peak
ratio of the (700 cm-1:1300 cm-1).

To account for this broadening in materials that are not same diameter single walled
tubes, Figure 3.12 focuses on using the area under the peak to detect the extent to which
h boron nitride impurities are present and then removed. The figure shows the results are
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at least slightly more encouraging as the ratio for all BNNT materials are indeed higher
than h-BN’s ratio. In summary each as-produced BNNT material has its unique FTIR
spectra that reflects the varying bond distances in the BNNT material resulting from a
mixture of tube diameters and possible multi-wall tubes. The presence of boron nitride
impurities broadens the line shapes and increases the relative height and area of the 750
cm-1 peak. Hence FTIR spectra indicating purification decreases the height and area of
the 750 cm-1 peak along with more symmetric peak shapes supporting h-BN removal.

3.4 Raman spectroscopy
Raman spectroscopy has been used for the characterization of BNNTs in the literature
for many years. A thorough study has shown that BNNTs show a peak at ≈1,370 cm−1
when studied using resonant Raman spectroscopy, carried out at λ=229 nm.79 In nonresonant Raman spectroscopy, BNNTs did not show any characteristic peaks in this
spectral region. In contrast, h-BN in non-resonant Raman spectroscopy does show a
pronounced peak at 1364.6 cm−1.79 Consequently, non-resonant Raman spectroscopy is
a powerful technique to discriminate h-BN from BNNT. In our experiments, we used nonresonant Raman spectroscopy with an excitation wavelength of λ=514 nm.
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Figure 3.13: Non-resonant Raman spectra of as-received BNNTs overlaid with h-BN. The asreceived BNNTs showed the Raman shift at 1365 cm-1 which is identical to the h-BN Raman
shift but with a wide broadening.

Figure 3.13 shows the non-resonant Raman spectral shift at 1368 cm-1 for each of the
three BNNT materials before heptane purification along with the Raman spectral shift for
h-BN. All three materials show the same peak position and a similar peak shape. As
shown previously this peak is identical to the Raman peak observed for hBN.73
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Figure 3.14: Non-resonant Raman of BNNT heptane purified overlaid with h-BN.

Figure 3.14 shows an overlay of the spectral shift of the three BNNT materials after
heptane purification. The peak is absent indicating the h-BN has been removed.

Figure 3.15:Non-resonant Raman shift for BNNT 3 heptane purified before and after TGA 850°
isotherm.
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Figure 3.15 displays the Raman shift for a sample of BNNT 3 after it was heated at 850
°C for 180 minutes. The results show that this peak is strongly increased indicating the
tubes decomposed to boron nitride. These results further support use of Raman to detect
boron nitride impurities. It also supports earlier TGA results indicating thermal efforts to
oxidize boron nitride and thereby purify BNNT are destroying the tubes and increasing
the amount of boron nitride impurities.

3.5 CONCLUSIONS
Using these three laboratory techniques it is possible to detect the presence of boron,
boron oxide and boron nitride impurities and to verify their removal from BNNT. TGA data
of the BNNT material shows a distinct weight gain as the temperature increases beyond
200 °C. A pure BNNT sample shows no change in weight up to 850–900 °C aside from a
possible decrease in weight up to 200 °C depending on its moisture content and a
possible remaining presence of heptane during the h-BN purification weight change.
A BNNT’s FTIR spectrum of boron oxide is present has a sharp peak at 3203 cm-1, a
second peak at 696 cm-1 and a broadening of the BNNT peaks due to boron oxide’s third
peak at 1355 cm-1. The absence of these peaks verifies that boron oxide is absent. The
presence of h-BN in BNNT broadens BNNT’s 1317 cm-1 peak and increases the peak
height of BNNT’s 783 cm-1 peak which is approximately equal to the 1317 cm-1 peak in hBN.
Non resonant Raman spectra in the range of 1361 cm-1 display a peak when boron nitride
impurities are present. The peak disappears when boron nitride impurities have been
removed. In summary no change in weight aside from 200 °C –850 °C, no FTIR peaks
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aside from BNNT’s symmetric peaks at near 1317cm-1 and 783 cm-1 and no non-resonant
Raman peak at 1361 cm-1 indicate that the BNNT has had the boron, boron oxide and hBN produced during HTP fabrication has been removed.
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Chapter 4
BNNT purification from boron nitride
impurities
4.1 Boron nitride impurities purification
Methods for BNNT purification from boron and boron oxide were stablished by different
research groups and proven to be effective and efficient. The challenge that was defined
to be challenging within the BNNT research community is BNNT purification form h-BN
and BN impurities. The current methods that claim purifying BNNT form BN impurities are
deemed to suffer from law yield of BNNT or cause damaging for the tube. During my
research, we succeeded to invent and patent a new method to purify BNNT from h-BN
and BN impurities utilizing a hydrocarbon solvent at moderate temperature and pressure.
In chapter 2 we covered the methodology of the heptane purification method and in the
current chapter we will cover the scientific evidence and the proposed mechanisms of the
heptane purification method.

4.2 Electron microscopy techniques (SEM and TEM)
Field emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM) were first conducted before the purification procedure (Figures 1a and
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1b, respectively). This as-received material consisted of a network of tubes extending
microns in length.28 This structure is generally understood to be a result of the BNNT
growth process, where growth originates from droplets of pure boron contained in
fullerene-like BN cages (“nano-cocoons”), acting as seeds for the growth of bundles of
tubes.43,76 These tubes ultimately terminate when they run into another nano-cocoon, thus
leading to a network structure.77 The larger impurities attached to the BNNTs have been
proposed to be remnants of the BN nano-cocoons and BN nanoparticles.43,76 As indicated
in Figure 1a by yellow arrows, these impurities form aggregates on the tube surfaces and
nodes.

Figure 4.1 (a, b) as-received BNNT; yellow arrows in (a) pointing to impurities. (c–e) FESEM (c,
d) and TEM (e) of BNNT after purification. (f) purification residue (FESEM).

Subsequently, the BNNTs were cleaned by our low pressure/moderate temperature
solvent method, where BNNT was added to a pressure tube containing heptane and
subsequently heated for five hours at 90 °C. The heptane cleaned BNNT material was
collected and imaged by FESEM (Figure 1c, 1d) and TEM (Figure 1e). As evident in these
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micrographs, the heptane-cleaned tubes, microns in length, were virtually free of
impurities on the surface, suggesting the cleaning procedure has been highly successful.
We note that the surface roughness observed in the higher-magnification FESEM image
in Figure1d is not due to residual contamination but reflects the imperfect sputter coating
applied for imaging purposes only. The FESEM and TEM images after purification show
no evidence of broken tubes, damage to the tube surface or damage to the tube network.
The TEM image (Figure 1e) suggests that a small amount of impurities remained. This
residual impurity is most likely due to small amounts of various forms of BN, boron oxide,
and boron. Based on these observations we suggest that virtually all of the boron nitride
tube network remains intact and undamaged, suggesting a very gentle purification with a
very high yield. Measurements of the recovered mass after heptane purification indicated
a weight loss of 6–12%. Analyzing the decanted cleaning residue collected after drying
the heptane filtrate provided important insight into the composition of the material
removed from the nanotubes via our purification method. FESEM analysis (Figure 1f)
revealed that the cleaning residue consisted of suspended, micron-size particles with
features hinting at a stacked surface structure. More FESEM and TEM images at varying
magnifications are shown in the supplementary information.

4.3 X-ray diffraction (XRD)
To further understand the cleaning process, we carried out X-ray diffraction (XRD) of the
BNNT material before and after cleaning (Figure 2). The as-received BNNT X-ray pattern
(black curve) had a pronounced series of peaks in the range 2θ = 20°–30°, corresponding
to d-spacings in the range 4.4 Å–3.0 Å, where inter-layer spacings for h-BN and other 2D
materials are typically found.78 The spectrum featured a second series of peaks in the

62

range 2θ = 40°–55°, corresponding to d-spacings in the range 2.2 Å–1.7 Å, likely
representing the intra-layer spacings between the atoms of the in-plane honeycomb
lattice. The first peak series was analyzed using Lorentzian peak fitting, with the main
peak at 25.33° and a sharp sub-peak on the right (26.69°) with full widths at half maximum
(FWHM) of 2.30° and 0.18°, respectively.

Figure 4.2: The XRD pattern of as-received BNNT (black curve) showed a peak at 25.33° with a
shoulder at 26.69°. The shoulder position matches a known peak of the h-BN XRD pattern (blue
lines), shown in more detail in the inset. In the XRD pattern of the purified BNNT (red curve) the
shoulder is completely absent.
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To help interpret the measured BNNT peak positions, we overlaid h-BN peaks based on
literature values in blue.78 We found a remarkable agreement between the position of the
sharp shoulder at 26.69° of the as-received BNNT and the h-BN [0002] peak at 2θ =
26.63°. The presence of this h-BN peak demonstrates for the first time that HTP-produced
BNNT contains a significant amount of h-BN.
When we carried out XRD on the heptane-purified BNNT (Figure 2, red curve), we first
found that the main peak was virtually at the same position (25.42°), albeit slightly
narrower (FWHM 1.82°). Most interestingly, however, the sharp sub-peak at 26.69° was
completely absent, which suggests that our cleaning procedure virtually completely
removed h-BN impurities from the sample. To quantify the degree of h-BN removal, we
performed a more substantial analysis of the spectra (see supplementary information).
Our analysis revealed no detectable peak at 26.69°; the detection limit was given by the
general noise level of the normalized XRD spectrum in this spectral region, about 0.5
intensity units (RMS noise). The main peak of our XRD spectra was normalized to 1000
intensity units; the height of the 26.69° h-BN peak of the unpurified sample was 284.1 in
the same units (see Table 1). Since this peak was reduced to <0.5 in the purified
spectrum, our purification procedure reduced the h-BN signal by at least 99.8%.
Interestingly, the spectra between as-received and purified materials looked very similar
in the 2θ = 40°–55° range. This indicates that the in-plane lattice of the purified BNNT was
not significantly altered by our purification procedure, which suggests that our cleaning
procedure does not damage the tubes. Consequently, the XRD data shows that our
cleaning procedure suppresses the h-BN content <0.2% without harming the tubes.
Table 1: XRD fitting parameters

64

Sample ID
As-received
BNNT
Purified
BNNT

Peak

Peak position [°]

FWHM [°]

Height [a.u.]

Main

25.33

2.30

1000.0

h-BN

26.69

0.18

284.1

Main

25.42

1.82

1000.0

R2
0.94

0.98

4.4 Raman Spectroscopy
We further analyzed the effectiveness of our purification technique to remove h-BN using
Raman spectroscopy. The predicted bandgap of BNNTs is 5.5 eV, which would
correspond to a photon wavelength of 225 nm; the bandgap of h-BN is 5.9 eV,
corresponding to a wavelength of 210 nm. A recent, rigorous study has shown that BNNTs
show a peak at ≈1,370 cm−1 when studied using resonant Raman spectroscopy, carried
out at λ=229 nm.79 In non-resonant Raman spectroscopy, however, no characteristic
peaks in this spectral region are present. For h-BN, in contrast, non-resonant Raman
spectroscopy does show a pronounced peak at 1364.6 cm−1.79 Consequently, nonresonant Raman spectroscopy is a powerful technique to discriminate h-BN from BNNT.
In our experiments, we used non-resonant Raman spectroscopy with an excitation
wavelength of λ=514 nm.
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Figure 4.3: Raman spectra. (a) As-received (black) and purified (red) BNNT featuring a peak in
the 1366 cm−1 region. (b) Residue (green) overlaid by h-BN (blue).

Figure 3a features the Raman spectra we obtained from as-received BNNT (black curve)
and purified BNNT (red curve). The spectrum of the as-received BNNT has one
pronounced peak, located at 1368.5 cm−1, while the purified BNNT featured no peak in
this spectral region. Since BNNTs do not show peaks in non-resonant Raman
spectroscopy, this strongly suggests that the 1368.5 cm−1 peak observed in the asreceived material was entirely due to the presence of h-BN. In contrast, the purified BNNT
material featured no Raman peaks, suggesting that our purification procedure removed
virtually all h-BN materials. Both findings, the presence of the h-BN peak in the asreceived materials, as well as the complete absence of the h-BN peak in the purified
material are in excellent agreement with our XRD results, indicating that our cleaning
procedure leads to a near-perfect removal of h-BN from the BNNTs.
Furthermore, we did a Raman analysis of a stock h-BN sample (Sigma–Aldrich) and of
the purification residue, as shown in the respective blue and green curves in Figure 3b,
featuring pronounced peaks at 1364.6 cm−1 and 1367.4 cm−1, respectively. lists the
corresponding peak positions and full widths at half maximum (FWHM) determined via
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Lorentzian peak fitting, as well as the corresponding R2 values. The observed h-BN peak
at 1364.6 cm−1 was in excellent agreement with the literature.79 The peak position and
peak width of the purification residue were in close agreement with the peak observed in
the as-received material. We note that in contrast to the BNNT Raman samples, which
were prepared by pressing the material into solid disks, the residue samples only
contained a small amount of material, as they were prepared by drop casting. Yet, the
observed Raman signal from the residue was equal to the strength of the as-received
BNNT. This confirms that our purification protocol indeed removed the h-BN impurities
from BNNTs leaving behind concentrated h-BN impurities in the residue. Interestingly, the
peak position of the residue (1367.4 cm−1) was slightly blue shifted with respect to the
peak of perfect h-BN (1364.6 cm−1). Nemanich et al. have established quantitatively that
the Raman peak shift and peak broadening depend on the h-BN particle size.80 Based on
their findings, the blue shift we observed for the removed h-BN corresponds to a particle
size on the order of 10 nm.80 Importantly, the latter directly demonstrates that our
purification method is capable of removing the most challenging impurities: nanoscale hBN.
Table 2: Raman FWHM and peak position

Sample

Peak position [cm−1]

FWHM [cm−1]

R2

h-BN

1364.6±0.1

12.5

0.99

Residue material

1367.4±0.2

26

0.97

As-received BNNT

1368.5±0.2

36

0.98
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4.5 FTIR spectroscopy
As shown in Figure 4, we further carried out FTIR of as-received (black curve) and purified
(red curve) BNNTs. For comparison, we also took a spectrum from stock h-BN (blue
curve). Before purification (black curve), the BNNT sample featured two asymmetric,
broad bands in the ranges 500–800 cm−1 and 800–1600 cm−1 of similar height and
relatively complex shape, featuring approximate widths of 200 cm−1 and 500 cm−1
(FWHM), respectively. Peaks in these two bands have been attributed out-of-plane
buckling and in-plane optical phonon modes, respectively.48 After purification (red curve),
the spectrum looked dramatically simpler and cleaner: aside from some background close
to their bases; both peaks were more symmetric and looked more like single peaks,
featuring much less structure. High-quality fits (R2=0.98) were obtained using pure
Lorentzian distributions, indicating high sample homogeneity. After purification the peaks
were substantially narrower, 50.0 cm−1 and 119.1 cm−1 (FWHM), respectively, with peak
positions at 783.6 cm−1 and 1327.3 cm−1.
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Figure 4.4: FTIR spectra of purified (red), as-received (black) BNNTs and h-BN (blue). The
spectrum features two main peaks, out of plane buckling modes near 800 cm−1 and in-plane
vibrational modes near 1350 cm−1.

We find it particularly interesting to compare the FTIR spectra of as-received and purified
BNNTs to the h-BN spectrum (blue curve). The 500–800 cm−1 peak of the as-received
spectrum (black curve) is extremely similar to the h-BN spectrum in this range: not only
the peak position, peak width, and general peak shape are very similar, even some of the
minute sub-peaks are closely aligned. This strongly suggests that the as-received sample
contained h-BN, which is fully in line with our previous findings. In the purified BNNT
spectrum (red curve), this broad peak with its characteristics is virtually completely
absent. In the 800–1600 cm−1 band, the situation is similar. The peak shape of the asreceived material (black) is similar to the h-BN spectrum (blue curve) in the 1300–1600
cm−1 range, but significantly broader and stronger in the 800–1300 cm−1 range with a
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lower peak position, 1244 cm−1 versus 1300 cm−1. This suggests that the as-received
BNNT material contains a substantial amount of impurities other than h-BN. In the
spectrum of the purified material (red curve), in contrast, this complexity on both sides of
the 1327 cm−1 main peak is absent. This indicates a much purer material from with h-BN
and the other impurities have been successfully removed. In particular, our FTIR results
are fully in line with our XRD and Raman data and further corroborate our claims that our
purification method removes h-BN.
We compared our results to the recent findings of Harrison et al., who used FTIR to
determine the h-BN concentration in BNNT samples. They analyzed samples of known
h-BN concentration and found that the height ratios of the absorbance peaks at 800 cm−1
and 1350 cm−1 were proportional to the h-BN concentration.48 Harrison et al. also found
that the position of the 800 cm−1 peak shifted to higher wave numbers with increasing
purity. Qualitatively, our results and claims are in full agreement with their findings: the
peak ratio decreased from 1.01 for the as-received material to 0.48 for the purified
material, indicating significant purification. We also observed a peak shift from 765.7 cm−1
for the as-received material to 783.6 cm−1 in the purified material. However, we found that
the FTIR absorbance spectra of our as-received BNNT and h-BN materials looked
substantially different from theirs in terms of peak positions, relative peak heights, and
peak shapes. Therefore, we believe that their method to quantify h-BN concentrations is
not directly applicable to our materials. The substantial difference in the materials was
further corroborated by comparing our XRD spectra to theirs.

70

4.6 Proposed heptane purification mechanisms
The fact that the h-BN impurities were removed using very mild conditions of heptane in
a pressure tube at 90 °C while the BN tubes remain undamaged may first seem surprising.
Previous reports of purification procedures involved much harsher treatments that
damaged the BNNTs, such as strong acids and superacids,54 strong sonication and
mechanical forces45,46,51 or oxidation at 750 °C17,27 and higher temperatures.27,45,50,51

Figure 4.5: Heptane purification process (a) and two proposed mechanisms, (b) and (c). The
first proposed mechanism (b) assumes that heptane enters the confining space between the
tube surfaces and the h-BN sheets, thus lowering van der Waals forces and loosening h-BN
attachment. (c) The second hypothesis assumes that heptane enters the inside of the tube,
where it causes radial tube swelling at increased pressures, leading to disengagement of the hBN from the surface.
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To explain the purification mechanism (Figure 4.5a) we propose two hypotheses. One
hypothesis focuses on weakening the adhesion of the h-BN attached to the BNNT surface
(Figure 4.5b). Since h-BN is planar and the BNNTs are curved, we assume that there is
a cleavage space at the h-BN/BNNT interface, into which heptane molecules can diffuse.
For carbon nanotubes, literature reports have shown that small hydrocarbon molecules
can move in such confined spaces particularly effectively and rapidly;81 this enhanced
hydrocarbon mobility has been explained based on surface diffusion.81 Importantly, our
purification temperature of 90 °C is very close to the boiling point of heptane, 98 °C. Monte
Carlo simulations of the vapor pressure of several hydrocarbons from methane to octane
in confined spaces show an increasing pressure as confinement dimensions decrease.82
Correspondingly, the heptane molecules trapped in the h-BN/BNNT cleavage spaces
may exert significant pressure on the confining walls, thus driving h-BN sheets and
BNNTs apart with forces large enough to overcome van der Waals adhesion. Since the
contact areas of the sheet-versus.-tube geometry is relatively small, not much force may
be needed. Moreover, the presence of the molecules in the space significantly reduces
van der Waals forces.83
A second hypothesis involves diffusion of heptane into the interior of the BNNTs (Figure
4.5c), which has been experimentally observed for small solvent molecules.63 And as
described, nano-confinement of heptane inside the tube would result in an increase in its
vaporization pressure. This pressure may cause small changes in the tube diameters,
thereby releasing attached surface impurities. Here h-BN which is bonded to the tube
surface due to the chemical similarity is removed by the breathing of the BNNT tubes due
to the entrance and vaporization of the heptane. Our preliminary estimates based on the
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in-plane stiffness of h-BN, however, suggested that this radial breathing is relatively small.
Nevertheless, calculations by others have shown that CNTs with kinks, bends and local
deformations can deform much more than the extremely high axial strength of the tubes
would suggest.84,85 Assuming that BNNTs share these properties and that confinement
of heptane in the inside of the tube significantly increases the vapor pressure, removal of
BN impurities via this breathing mechanism is plausible. It may even be a combination of
the exterior and interior heptane location mechanisms causing the removal of h-BN
impurities. While molecular removal mechanisms are hypotheses, our experimental facts
demonstrate that heptane at 90 °C in a pressure tube causes h-BN particles to be
released and suspended in the solvent while the tubes remain undamaged. Longer chain
hydrocarbons showed some effect, but not as pronounced as with heptane, and higher
temperatures were needed. Pentane worked but was not used because of its higher
volatility. Isopropanol, on the other hand, did not work. At this point, it is not obvious which
property of heptane makes it so effective in removing h-BN from BNNT. More
investigation will be needed, including molecular dynamics to determine atomic-scale
effects, to fully understand the mechanism and further improve the purification process.

4.7 Conclusion
In summary, we introduced a mild, high-yield method to purify BNNTs produced by the
important HTP method. While no prior study had demonstrated effective removal of hBN, our approach removed ≥99.8% of the h-BN and a significant amount of other BN
impurities. Our claims are supported by FESEM images, TEM images, as well as XRD,
Raman and FTIR spectra. The latter three spectroscopic techniques characterize a
macroscopic region of the sample and are thus more representative than imaging
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selected areas using electron microscopy. XRD was particularly useful to quantify the hBN content, since h-BN featured a distinctly sharp peak. The FESEM and TEM images
of heptane-purified BNNTs showed tubes with a virtually clean surface and no damage
to the tube network. Our non-aggressive, non-destructive purification method using
heptane at the moderate temperature T=90 °C is a significant advancement over all
previously reported methods relying on aggressive treatments, including sonication,
mechanical methods, strong acids, or oxidation at high temperatures >700 °C. The later
techniques introduce substantial damage to the tubes and result in a low yield.17,27 It is
expected27,45,50,51 that the BNNTs purified by our scalable, mild method will exhibit better
structural and thermal properties and thus have the potential to make nanocomposites
with significantly improved properties with a wide range of potential applications.
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Chapter 5
Boron nitride nanotubes thermal and
structure applications
5.1 Introduction
Interest in BNNT increased in the last decade or two due to its outstanding physical and
chemical properties. Although BNNT has a lot of potentials and unique properties, there
is limited literature that studies the BNNT’s application and their synthesis compared to
carbon nanotubes. Due to the lack of BNNT composites synthesis data and application
information, most of the scientific community trying to transfer over the CNT technologies
and literature knowledge to BNNT. This approach that has been adapted by the BNNT’s
scientific community deemed to fail due to the difference in chemical nature and the
surface charges of the BNNT compared to CNT. In this chapter, we aim to study the effect
of BNNT processing (dispersion versus using the network as it is) on the overall
composites’ thermal and structural properties.
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5.2 Thermal results

Figure 5.1: Isotropic thermal conductivity of BNNT dispersion verses. Impregnation.

Figure 5.1 shows the isotropic thermal conductivity of differently processed BNNT
polystyrene composites at different percentages of BNNT loading at room temperature.
The dispersed BNNT polystyrene composite (orange curve) was prepared by dispersing
the BNNT in acetone solvent, as discussed in chapter 2. (Materials and experimental
methods) then mixed with polystyrene dissolved in acetone. The impregnated BNNT
polystyrene composite (blue curve), was prepared by impregnating the BNNT puff-ball by
polystyrene without altering or processing the BNNT network. The details of the
impregnation process were reported in the methods section. The polystyrene was heated
to 250 °C under argon gas to prevent its oxidation. Then the BNNT puff-ball was added
to the top of the molten polystyrene and left to sink slowly by the wetting effect in the
polystyrene matrix. These processes were investigated to study the effect of the BNNT
network versus the dispersion composite on the overall thermal conductivity of the

76

composites. There is substantial agreement between the thermal conductivity of the
dispersed and the impregnated composites over the different percentage loadings. The
composites showed a nonlinear increase in the thermal conductivity of the polystyrene
composites compared to the polystyrene with zero percentage loading. Although the
number of points we collected during this study is not large enough to draw a definite
conclusion about the composite trend, but the results conformed to the literature values
with an expectation to level up at around 35%, percentage loading as reported in the
literature86. The polystyrene showed 0.18 W/(m·K) thermal conductivity, which agrees
with the reported thermal conductivity in the literature. Polystyrene dispersed composites
with 2.5%–5% loading showed thermal conductivity around 0.2 W/(m·K) compared to the
impregnated composite which showed 0.25 W/(m·K) at 7.5% loading. The difference in
the thermal conductivity between the different composites and the polystyrene is not
significant. Therefore, no conclusion could be drawn for such small changes. At the 18%
loading, both composites show a threefold increase in the thermal conductivity 0.6
W/(m·K) compared to the polystyrene polymer, which is a great change from the low
percentage loadings. This dramatic change in the thermal conductivity at high loading
could be explained by the probability of the tube to tube contact is getting higher as we
increase the loading until we reach the threshold concentration where we have a
continuous bath for the phonon propagation. The TC of the composite enhanced by 300%
which agrees with the literature values that reported for the different composites. To
further understand the effect of the BNNT network versus. dispersion on the in-plane and
out-of-plane thermal conductivity of the composites, the anisotropic thermal conductivity
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was measured using the Hot-Desk TPS 3500 anisotropic module, and the results are
shown in Figure 5.2.

Figure 5.2: Anisotropic thermal conductivity at room temperature of BNNT dispersed versus.
impregnated polystyrene composites. The thermal conductivity out of the plane (axial, blue
curve, and gray curve) in the plane (radial, red curve, and yellow curve). The radial thermal
conductivity is higher than the axial thermal conductivity. The average of the radial and the axial
is equal to the isotropic thermal conductivity measured at room temperature in figure 5.1.

Figure 5.2 shows the anisotropic thermal conductivity of the different composites at
different loading percentage. Both the dispersed and impregnated composites showed a
comparable axial and radial thermal conductivity. Similar to the isotropic thermal
conductivity, the low loading of BNNT showed a very limited effect on the thermal
conductivity of the composites. At the 18% loading, the radial thermal conductivity was
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higher for both composites 1.0 W(mK) compared to the axial thermal conductivity 0.2–
0.25 W/(m·K). This great difference, almost five times higher, is believed due to the
alignment of the tubes in the hot-pressing step during the manufacturing process for the
composites. As the composite was exposed to a perpendicular pressure, the tubes were
forced to align inside the plane leading to a higher thermal conductivity in the radial
direction.
The data in Figure 5.1 and Figure 5.2 showed that both methods improved the thermal
conductivity of the composites compared to the polystyrene polymer at zero percentage
loading. Although the dispersed BNNT composite was expected to have a lower thermal
conductivity as the tubes network was broken into a shorter domain size, the data proved
that the two methods have the same thermal conductivity. We think this happened
because the dispersed BNNT is not a true dispersion. The tubes present in the matrix as
a micron size small puff-balls or fibers. So, the dispersion acts as if small networks were
under the hot pressing effect showing the same results as the network. The FESEM
micrographs (Figure 5.6) support our hypnosis that the dispersed tubes exist in the matrix
as fiber or micron-size puff-balls, not truly dispersed nanotubes, as we will emphasize in
the following tensile testing section.
The key question that we should answer before we wrap up the thermal conductivity
section is, Although the thermal conductivity of the BNNT is about 2000 W/(m·K), why
does the composite show poor thermal conductivity even with high percentage loading?
As the polymer and the BNNT are electrically insulating materials, the heat transfer in
non-metals materials is mainly conducted by phonons. And the reason for this poor
thermal conductivity is the mismatch at the interface of the BNNT and polymer matrix as
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well as the grain boundaries of the polymer matrix that cause phonons to change
direction, energy and momentum. As the polystyrene is a semi-crystalline or amorphous
polymer, its polymer chain could exist as randomly oriented chains that forms of crystals
and amorphous regions that damp the phonon propagation and cause the scattering. To
overcome this scattering effect, better bonding is needed between the nanomaterials and
the matrix to decrease the phonon scattering and the thermal interface resistance. One
approach to achieve that is to functionalize the BNNT surface and use an aligned polymer
matrix, as discussed by Zhu et al., in the review article in detail4.

5.3 Tensile strength results
MTS Criterion C41 was adapted to study the uniaxial tensile strength properties of BNNT
composites. The samples for the dispersed and impregnated BNNT polystyrene
composites were prepared, as discussed in chapter 2. Preparation of the tensile testing
samples was very expensive in terms of the time, and the amount of material needed to
prepare the testing coupons. Because of this we had a limited number of testing coupons
as well as small size coupons, which do not meet the ASTM guidelines. The tensile
strength of the polystyrene at zero percentage loading was measured as a standard for
the matrix without filler. The results showed that the tensile strength of the polystyrene
21±10 MPa is lower than the literature value of 32–50 MPa by about 30–60%.
We believe the difference in the tensile strength results from the literature is due to the
imperfections and the air bubbles within the polymer matrix that result during the hot press
molding step. The imperfections and the air bubbles act as stress concentrator locations
that deuterate the polymer structural performance. Another main factor for the difference
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in the tensile strength is the testing coupon size. The smaller the coupon size, the higher
the standard deviation in the data, and the more pronounced the effect of the air bubbles
on the tensile testing results.87
There is a discrepancy between the Weibull modulus probability theory and what we
observe in our results. As Weibull’s theory claimed that the smaller the volume of the
materials, the better the tensile properties. this could be explained by the smaller the
volume of the sample, the higher the probability of the material to be free from major
defects, which enhances its performance. However, what we observed in our composite
system that the air bubbles that were formed during the manufacturing process and acted
as defect sites, were of the same size and nature regardless of the volume of the coupon.
This observation is counterintuitive to Weibull’s failure theory as the smaller the coupon
volume, the higher the defect ratio to the coupon cross-section area under stress the poor
the tensile performance. These two factors (imperfection of the matrix and the air bubbles
to cross section-area ratio) explain our observations and the poor tensile performance
compared to the literature value.
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Figure 5.3: Tensile strength curves overlay of BNNT polystyrene impregnated and dispersed
composites.

Figure 5.3 shows a typical stress-strain curve for both BNNT polystyrene dispersed (blue
curve) and impregnated (red curve). The BNNT impregnated composite shows a stiffer
slope in the elastic region compared to the BNNT dispersed composite, which translated
to a higher Young’s modulus. These results agree with our visual observations that the
impregnated BNNT composite is rigid and brittle compared to the dispersed composite.
The impregnated composite curve did not show the failure of the sample because the
samples were broken from the tightening of the grips, not from the load being applied to
the sample. Figure 5.4 and Figure 5.5 show Young’s modulus and the tensile strength
results.
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Figure 5.4: BNNT polystyrene composite Young's modulus values at different loading
percentages.

Figure 5.4 shows an overall improvement in Young’s modulus between the polystyrene
at zero loading and the BNNT composites 50–105%. This improvement could be
explained by the BNNTs restricting the polymer chain mobility decreasing the matrix
ductility and increasing its Young’s modulus. Although the BNNTs restricting the matrix
movement for both dispersed and impregnated composites, there is a 0.8–1.1 GPa
difference in Young’s modulus value. This difference could be due to the difference in the
loading percentages between the impregnated and the dispersed composites and/or
could be due to the nature of how the tubes restrict the mobility of the polymer chains in
the composite matrix. To investigate the second hypothesis, FESEM was conducted to
give insights into the interaction between the tubes and the matrix. Figure 5.6 a and c
show there is a great difference between the dispersed and impregnated composites in
terms of the BNNTs’ structure. The dispersed composite has a large fiber like BNNT

83

dispersed in the polystyrene matrix. These fibers are between (100–200 nm) in diameter.
We believe the BNNTs were fibered during the dispersion process as the tubes tend to
stick to each other due to the solvent effect. These fibers fix the mobility of the matrix, but
between the fibers, there are still regions that could move around, resulting in some
ductility to the dispersed composite. In contrast, the Impregnated matrix FESEM images
(Figure 5.6 b and d) show that the BNNT network is still intact, and the tubes are single
tubes of 5–10 nm in diameters. The single BNNTs lead to a tighter structure where the
polymer and the tubes have a larger surface area to interact, forming stronger Van der
Wall bonds and a stiffer matrix and higher Young’s modulus.

Figure 5.5: BNNT polystyrene composite tensile strength at different loading percentage.
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Figure 5.5 shows the tensile strength values for polystyrene 0% loading 20 MPa, BNNT
polystyrene dispersed composite 2.5%–5% loading 32–34 MPa, and BNNT polystyrene
impregnated 7.5% loading 36 MPa.
The ultimate tensile strength values of the composites were studied to understand what
is the highest uniaxial tensile load the composites can handle compared to the
polystyrene, and what factors play a rule in that performance improvement. Figure 5.5
shows a 50–75% improvement in the BNNT polystyrene composite tensile strength
compared to the zero loadings polystyrene. This enhancement could be explained by the
matrix being coupled to the BNNT by Van der Waals forces, which leads to the transfer
of the load from the matrix to the nanotubes, showing better mechanical properties.
Additionally, the tubes stop the fracture propagation through the matrix at the stress
concentrators or air bubbles imperfections sites by one or more mechanisms as
discussed in Wang et al. article88.
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Figure 5.6: FESEM images of BNNT composites at fracture sites of the tensile testing samples.
(a) BNNT polystyrene dispersed composite where the tubes are bundled together and making
good wetting with the polymer, (b) BNNT polystyrene dispersion composite at higher
magnification showing the tubes are well connected with the polymer, (c) BNNT polystyrene
impregnated composite, (d) BNNT impregnated composite at higher magnification.

Figure 5.6 a and c show the fracture site for tensile testing samples. The micrographs
examinations of the composite fracture surfaces revealed that the BNNTs support the
integrity of the composite by holding the polymer matrix together. Some sites show BNNT
fibers, and tubes were broken instead of being pulled out of the matrix, which proves the
strong interaction between the tubes and the polymer. Figure 5.6 b and d show a zoom
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in on the composites and show where the surfaces of the tubes are well covered with the
polymer matrix assuring the strong interaction.

5.4 Conclusion
BNNT is a good candidate for thermal conductivity. Our results showed that the
thermal conductivity non-linearly increases as the percentage loading increases.
According to the literature, this increase will level off at around 37% loading. We observed
a threefold increase in the thermal conductivity of the composite at 18% loading,
compared to the polystyrene polymer at zero loadings. There is a great agreement in the
results between the impregnated and the dispersed BNNT polystyrene composites. The
thermal conductivity in the radial direction is higher than in the axial direction for both
composites. The difference in thermal conductivity is believed to be due to the hot
pressing step during the manufacture of the composites, which opens the door to
enhanced directional thermal conductivity based on the processing methods used and
the application needs. Moreover, to get better thermal conductivity, the interaction
between the BNNT and the polymer needs to not only depend on Van der Waals forces
but also on functionalizing the surface of the BNNT to develop a covalent bond between
the tubes and the polymer matrix.
BNNT composites show improved tensile strength compared to the polystyrene
zero loadings. The larger the percentage loading, the more brittle the composite, which
we do not recommend using except for applications where brittleness is not an issue.
Polystyrene loaded BNNT composite show approximately 50–105% improvement in
Young’s modulus compared to polystyrene and around a 40% increase in the tensile
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strength. The FESEM images showed that the polystyrene was wetting the tubes well,
and the tensile load transfers from the matrix to the tubes were demonstrated by the
existence of some broken tubes at the fracture site instead of the pulled off tubes from
the polymer matrix.
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Chapter 6
Conclusion and future work
Boron nitride nanotubes are a very interesting material that has a lot of potential
applicants due to its outstanding physical and chemical properties. BNNTs synthesized
using different high and low-temperature techniques, unfortunately, suffer from a large
percentage of impurities. To fully use the maximum potential of BNNTs, characterization
techniques and new purification methods are needed to bring BNNTs to the industrial
applications. During this project, we succeeded in addressing the characterization and
purification challenges of the BNNTs and presented solutions for each of them. As well
as, we discovered the thermal and structural properties of BNNT composites as potential
applications. The project is divided into three sections: the characterization section
(Chapter 3), the purification section (Chapter 4), and the applications section (Chapter 5).
In the characterization section (Chapter 3), we concluded based on TGA, FTIR, and
Raman spectroscopy results that it is possible to detect the presence of boron, boron
oxide, and boron nitride impurities and to verify their removal from BNNTs after
purification. The boron impurity concentration in the BNNT materials could be measured
by using TGA. A known weight of BNNTs was heated to 550 °C for 5 hours in an isotherm
mode to oxidize the boron to boron oxide. Using the change in weight, we were able to
back-calculate the boron impurities.
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If boron oxide is present, a BNNT FTIR spectrum has a sharp peak at 3203 cm-1, a second
peak at 696 cm-1, and a broadening of the BNNTs peak (1317 cm-1) due to boron oxide’s
third peak at 1355 cm-1. The absence of these peaks verifies that boron oxide is absent.
The presence of h-BN in BNNTs broadens the BNNT’s 1317 cm-1 peak and increases the
peak height of BNNT’s 783 cm-1 peak, which is approximately equal to the 1317 cm-1
peak in h-BN.
Non-resonant Raman spectra, with an excitation wavelength of λ=514 nm, in the range
of 1361 cm-1 display a peak when boron nitride impurities are present in the BNNT
samples. Incontrast, the non-resonant Raman shows no characteristic peaks for the
BNNTs at that spectral region. A resonant Raman spectroscopy carried out at λ=229 nm
is needed for BNNTs to show a peak at ≈1,370 cm−1. The disappearance of 1,361 cm−1
peak for the purified BNNTs in the non-resonacne Raman is a strong evidence for the
removal of the BN impurities, demonstrating the importance of Raman spectroscopy in
the characterization of BNNTs BN impurities.
Future work needs to be conducted to calibrate both the FTIR and Raman for the BN
impurities. Our results showed that BNNTs get damaged and broken to BN impurities
when heated to high temperature and pressure in a pressure tube filled with heptane. By
creating these BN impurities, we could further use it as standard materials to create
calibration curves to use Raman and FTIR for quantitative analysis. Although, the Raman
scans only about 0.25 μm2 of the sample, but by utilizing multiple spots on the samples
surface and doing the data analysis, we will be able to rule out the effect of the small scan
size. We believe the spectroscopy techniques are still more effective to quantitatively and
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qualitatively address the purity of the BNNTs materials than electron microscopy
methods.
In the purification section, we introduced a mild, high-yield method to purify BNNTs
produced by the important HTP method. While no prior study had demonstrated effective
removal of h-BN, our approach removed ≥99.8% of the h-BN and a significant amount of
other BN impurities. FESEM images, TEM images, as well as XRD, Raman and FTIR
spectra were used to support our claims. The latter three spectroscopic techniques
characterize a macroscopic region of the sample and are thus more representative than
imaging selected areas using electron microscopy. Our non-aggressive, non-destructive
purification method using heptane at the moderate temperature T=90 °C is a significant
advancement over all previously reported methods relying on aggressive treatments,
which cause substantial damage to the tubes and result in a low yield. Two mechanisms
for the purification method were proposed to explain the factors we expect affecting the
heptane purification. Future work is needed to investigate the proposed mechanisms. And
to understand the nature of the purification technique and how the different organic
solvents and temperature affect the purification results.
In the application section, our results showed that the thermal conductivity sharply
increases non-linearly with the increase in the percentage loadings of the BNNTs. The
thermal conductivity of the composite at 18% loading was at three times the value of the
polystyrene polymer at zero loadings. The thermal conductivity in the radial direction was
higher than the axial direction for both composites. The difference in thermal conductivity
between the radial and the axial direction is believed due to the hot-pressing step
introduces tubes orientation and alignment during the manufacture of the composites,
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which opens the door for composites with enhanced designs, featuring directional thermal
conductivity based on the processing methods. Moreover, to get better thermal
conductivity, the interaction between the BNNTs and the polymer need to not only depend
on van der Waals forces. Instead, one can functionalize the surface of the BNNTs to
develop a covalent bond between the tubes and the polymer matrix to enhance the
coupling and the phonon propagation and decrease the thermal interface resistance.
BNNT composites at 5–7.5% loading showed an improvement of tensile properties
compared to the neat polystyrene. Young’s modulus of the composites compared to
polystyrene enhanced around 50–105%, and tensile strength increases by around 40%.
The larger the percentage loading, the more brittle the composite. The impregnation of
the BNNTs network with polystyrene showed better Young’s modulus and tensile strength
compared to the dispersed BNNT composite. The FESEM images showed that the
polystyrene was wetting the tubes well, and the transfer of tensile loads from the matrix
to the tubes were demonstrated by witnessing some broken tubes at the fracture site
rather than tubes pulled out from the polymer matrix.
In terms of future directions, we propose focusing on networked BNNT as opposed to
dispersed BNNTs, since our results have shown that the former are much more promising
than the latter. Therefore, research should be conducted to better understand how to
harness the BNNT network for improved thermal and tensile properties. For thermal
management, a proposed direction is the orientation of tubes to achieve anisotropy in the
radial versus axial directions. Integration of other materials with the BNNTs might lead to
further improved properties based on suspected beneficial interplay of different fillers with
structural features at the macro-, micro-, and nanoscales.
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We further propose to

investigate true dispersions of BNNTs without impurities and BNNT nods. This would
allow to study the effect of the dispersion on the thermal conductivity. Functionalization
of the tube surfaces is also interesting, as is exploring different polymer and epoxy
matrices that could potentially interact better with the tube surfaces. Especially the
investigation of elastomeric polymers will be interesting to make the composite
conformable and rubbery. In terms of BNNT composites with enhanced structural
properties, a significant concern is the preparation of specimens of larger size, since the
impregnation process is quite time-consuming and hard to accomplish. One approach to
solve this problem is in-situ polymerization of monomers after the impregnation process.
Finally, To optimize the manufacturing process of the structural composites, An AFM
based Technique could be developed by functionalizing a 10 nm tip of an AFM probe with
a hexagonal boron nitride sheet. Then, we use this probe to measure the intermolecular
forces between the h-BN and different polymers using atomic force spectroscopy. By this
technique, we will succeed in predicting which composite matrix will show the best
structural properties when loaded with BNNTs.
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Appendix
Supplementary data for chapter 4
S1 & S2: Additional FESEM and TEM images to supplement figure one

Figure S1: FESEM images of (a, b) as-received BNNT and (c, d) of purified BNNT at different
magnifications.
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Figure S2: TEM images of as-received BNNT (a-c) and Purified BNNT (d-f).
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S3: X-Ray diffraction analysis
As discussed in the main text, X-ray diffraction (XRD) was conducted to characterize the
BNNT material before and after cleaning. The absence of the XRD peak at 26.69°
indicated the successful removal of the h-BN (Figure 2 of the main text). To quantify the
degree of removal based on this XRD measurement, more analysis was conducted. First,
the peak heights of the as-received and purified BNNT spectra were determined using
Lorentzian fitting. Subsequently, the spectra were normalized such that the BNNT main
peak at 25.42° was equal to 1000 arbitrary intensity units, as shown in Table 1 of the main
text. The corresponding peak height of the 26.69° h-BN peak in the as-received material
was 284.1 units. The purified material did not feature any apparent peak at this scattering
angle (Figure S3a). To increase the sensitivity in detecting any remaining h-BN peak, we
subtracted the fitted 25.42° peak that dominates the spectrum. The corresponding fit
residue is shown in Figure S3b. After this procedure, the noise level of the spectrum is
visible much more clearly. Remnants of the main peak at 25.42° are still visible due to an
imperfect fit. However, no peak was observable at the 26.69° h-BN angle that would have
exceeded the noise level of the instrument (Figure S3b). To provide an upper limit for the
amount of remaining h-BN, we quantified the noise level of the spectrum by calculating
the root mean square (RMS) of the curve in a spectral region not featuring any peaks
(15°–20°) to be ≈0.5 in the same intensity units. Correspondingly, the amount of h-BN
was reduced by a factor 284.1/0.5 ≈ 500, demonstrating that we removed at least 99.8
percent of the h-BN impurities.
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Figure S3: (a) XRD pattern of the purified BNNTs (black) with a Lorentzian fit (blue). (b) Residue
of the Lorentzian fit still showing no significant h-BN peak at 26.69°.
4: FTIR Lorentzian peak fit of the purified BNNT

Figure S4: FTIR of purified BNNT spectrum with a double peak Lorentzian fit (see the Table S1
below for peak fitting parameters).

97

Table S1: Lorentzian peak fitting parameters of purified BNNT

Sample ID
Purified BNNT

Peak position [cm−1]

FWHM [cm−1]

783.6

50.0

1327.3

119.1

98

R2
0.98
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